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PREFACE 


The  problem  of  devising  instrument  systems  for  the  accurate  measure¬ 
ment  of  the  speed  and  altitude  of  aircraft  has  been  the  subject  of  a  great 
many  research  invest^ -:..tions  during  the  past  50  years.  The  greater  part  of 
this'zesearch  has  been-perfonMd.by.a  vaxiety^of  .organization^in  Great  Britain, 
Germany,  and  the  United  States.  In  the  United  States,  investigations  have  been 
conducted  by  government  agencies  (National  Aeronautics  and  Space  Administration 
(NASA),  its  predecessor,  the  National  Advisory  Conmittee  on  Aeronautics  (NACA) , 
the  Federal  Aviation  Administration  (FAA) ,  the  National  Bureau  of  Standards 
(NBS),  the  U.S.  Air  Force,  and  the  U.S.  Navy),  by  aeronautical  schools  in  the 
universities,  and  by  aircraft  manufacturers,  instrument  manufacturers,  and  air 
carriers.  Studies  relating  to  one  area  of  the  altitude-measuring  problem  (the 
vertical  separation  of  aircraft)  have  been  promoted  by  international  organiza¬ 
tions  such  as  the  International  Civil  Aviation  Organization  (ICAO)  and  the 
International  Air  Transport  Association  (lATA) . 

The  results  of  this  research  have  been  published  in  several  hundred 
reports,  each  of  which  deals  with  only  one,  or  a  few,  of  the  many  facets  of  the 
speed-  and  altitude-measuring  problem.  In  this  text,  the  information  in  these 
reports  has  been  combined  and  is  presented  in  a  condensed,  organized  form.  In 
the  presentation  of  the  material  on  some  of  the  topics,  only  enough  data  have 
been  included  to  define  a  concept  or  illustrate  a  point.  For  a  more  detailed 
discussion  of  these  subjects,  the  reader  is  referred  to  the  reference  reports 
which  are  listed  at  the  end  of  each  chapter. 

The  scales  of  the  instruments  described  in  this  text  and  all  of  the  test 
data  derived  from  their  calibration  and  operational  use  are  in  U.S.  Customary 
Units.  Accordingly,  it  appeared  inappropriate  in  this  text  to  adhere  to  the 
prevailing  practice  of  giving  test  values  in  the  International  System  of  Units 
(SI)  as  well  as  in  the  U.S.  Customary  system.  For  those  readers  having  a  need 
to  convert  any  of  the  data  to  metric  units,  a  table  of  conversion  factors  eutd 
metric  equivalents  is  included  in  appendix  A.  Also  included  in  appendix  A  are 
tables  of  airspeed  and  altitude  in  SI  Units. 

In  writing  this  book,  I  received  considerable  help  and  support  from  many 
of  my  former  associates  at  NASA  Langley  Research  Center.  I  would  like  to 
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supplying  reference  material. 

The  staff  of  the  Langley  Scientific  and  Technical  Information  Progreuns 
Division  who  prepared  the  manuscript  for  publication. 


I  would  also  like  to  acknowledge  the  contributions  of  the  following  members 
of  the  aviation  industry: 

James  Angus  of  the  Kollsman  Instrument  Coi^pany,  who  provided  information 
on  servoed  instruments  and  photographs  of  mechanical  instruments. 

O.  E.  E.  Anderson  of  united  Airlines,  who  provided  information  on  pressure- 
system  leak  experimerts  and  static-pressure-installation  maintenance 

problesw. _ _ _ _ — - — — - - - - - - 

Jerome  M.  Paros  of  Paroscientific,  Inc.,  who  provided  information  and 
diagrams  on  digital  pressure  transducers. 

Herbert  Sandberg  of  Harowe  Systems,  Inc. ,  who  provided  information  on 
pressure- transducer  systems. 


William  Gracey 
Langley  Research  Center 

National  Aeronautics  and  Space  Administration 
Hampton,  VA  23665 
December  6,  1979 


iv 


CONTEMTS 


PREFACE .  iii 

SYMBOLS  AND  ABBREVIATKMS .  viii 

CHAPTER  I  -  INTRODUCTION .  1 


CHAPTER  II  -  INSTRUMENT  SYSTEMS  AMD  ERRORS .  3 

References  .  6 

Figures  .  7 

CHAPTER  III  -  STANDARD  ATMOSPHERE  AND  EQUATI(»iS  FOR  AIRSPEED,  MACH 

NUMBER,  AMD  TRUE  AIRSPEED .  11 

Standard  Atmosphere .  11 

Airspeed  Equations .  14 

Mach  Number  Equations  .  17 

True-Airspeed  Equations  ........  .  18 

Conversion  Factors . 19 

References .  20 

Figures .  22 

CHAPTER  IV  -  TOTAL-PRESSURE  MEASUREMENT .  25 

Tubes  Aligned  With  the  Flow .  25 

Tubes  Inclined  to  the  Flow .  26 

References .  30 

Figures .  31 

CHAPTER  V  -  STATIC-PRESSURE  MEASUREMENT .  47 

Reference .  51 

Figures .  52 

CHAPTER  VI  -  STATIC-PRESSURE  TUBES .  59 

Tubes  Aligned  With  the  Flow .  59 

Tubes  Inclined  to  the  Flow .  61 

Orifice  Size  and  Shape .  62 

References .  63 

Figures .  64 

CHAPTER  VII  -  STATIC-PRESSURE  INSTALLATIONS .  75 

Fuselage-Nose  Installations  .  75 

Wing-Tip  Installations  .  77 

Vertical-Fin  Installations  .  78 

Fuselage-Vent  Installations  .  79 

Combined  Calibrations  at  Low  and  High  Altitudes .  80 

Calibration  Presentations  .  81 

Installatio  rror  Tolerances  .  81 

Installation  :sign  Considerations  .  82 

References .  83 

Figures .  85 


V 


CHAPTER  VIII  -  AERODYNAMIC  COMPENSATION  OF  POSITION  ERROR .  109 

References .  Ill 

Figures .  112 

CHAPTER  IX  -  FLIGHT  CALIBRATION  METHODS .  121 

Calibration  Methods  for  Deriving  Position  Error  .  121 

Trailing-Boab  Method .  124 

Trailing-Cone  Method .  125 

Pacer-Aifcraft'Method'.'  ^  ""I' ■."TT  r  .  ....  125 

Tower  Method .  127 

Tracking'^Radar  Method .  128 

Radar-Altimeter  Method .  128 

Ground-Camera  Method .  129 

Tracking-Radar/Pressure-Altimeter  Method  .  130 

Accelerometer  Method  .  131 

Recording-Thermometer  Method .  133 

Trailing- Anemometer  Method .  134 

Speed-Course  Method .  137 

Sonic-Speed  Method  .  137 

Total-Temperature  Method  .  138 

Calibrations  by  Ground-Camera  and  Tracking-Radar  Methods .  139 

References .  144 

Table  9.1 .  146 

Figures .  149 

CHAPTER  X  -  ERRORS  DUE  TO  PRESSURE-SYSTEM  LAG  AND  LEAKS .  165 

System  Lag .  165 

System  Leaks  .  168 

References .  169 

Tad)le  10.1 .  170 

CHAPTER  XI  -  AIRCRAFT  INSTRUMENT  ERRORS .  171 

Mechanical  Instruments  .  171 

Electrical  Instrument  Systems  .  174 

Accuracy  of  Calibration  Equipment  .  177 

References .  178 

Tables .  180 

Figures .  186 

CHAPTER  XII  -  OPERATIONAL  ASPECTS  OF  ALTIMETRY .  199 

Barometric  Scale  Settiitgs .  199 

Flight  Technical  Error  .  202 

Overall  Altitude  Errors  .  203 

References .  206 

Table  12.1 .  208 

Figures .  2C9 


vi 


CHAPTER  Kill  -  OTHER  ALTITUDE-MEASURING  MET}»DS .  215 

Radio  and  Radar  Altimeters .  215 

Laser  Altimeter .  217 

Sonic  Altimeter .  217 

Capacitance  Altimeter .  217 

Density  Altimeter .  218 

Limited-Ran9e  Pressure  Altimeter .  218 

Eypaometer _ *  *  •  216 

Cosmic-Ray  Altimeter . .  .  ,  . \  ...  *219 

Gravity  Meter .  219 

Magnetometer .  220 

References .  221 

APPENDIX  A  -  TABLES  OF  AIRSPEED,  ALTITUDE,  AND  MACH  NUMBER .  223 

APPENDIX  B  -  SAMPLE  CALCULATIONS .  279 

Part  I  -  Static-Pressure  Errors  and  Flight  Quantities .  279 

Detexmfnation  of  Position  Error  Ap .  279 

Calculation  of  and  AV^,  H  and  AH,  and  M  and  AM .  281 

Calculation  of  C^ . 282 

Calculation  of  V .  283 

Part  11  -  Pressure  Increments  in  the  International  System  of  Units  .  .  284 

Part  III  -  Pressure-System  Lag  and  Leaks .  285 

Calculation  of  Airspeed  and  Altitude  Errors  Due  to  Pressure  Lag  .  .  .  285 

Calculation  of  Altitude  Error  Due  to  a  Leak .  286 


INDEX 


291 


SYMBOLS  AND  ABBREVIATIONS 

speed  of  sound 
vertical  acceleration 
longitudinal  acceleration 
r»mai~acceleratibn 
wing  span  of  airplane 

wing  span  of  airplane  inage  on  camera  film 
wing  chord 

total  volume  of  instriment  chambers 
lift  coefficient 
confidence  level 
diameter 

elevation  of  airport 

compressibility  factor;  focal  length  of  camera  lens 
acceleration  of  gravity 
height  of  aircraft  above  camera 
pressure  altitude,  geopotential  feet 

indicated  (or  measured)  pressure  altitude  (barometric  scale  set 
to  QFE) 

indicated  altitude  (barometric  scale  set  to  QNH) 
altitude  error,  H*  -  H 
recovery  factor  of  temperature  probe 
length  of  aircraft 

length  of  aircraft  image  on  caunera  film 
length  of  pressure  tubing 
free-stream  Mach  niamber 
indicated  (or  measureu)  Mach  number 


viii 


AM 

’*Re 

P 

P‘ 

Ap 

6p 

Pa 

Pc 

Pi 

Pi 

Apj 

Pt 

Pt 

APt 

Pt 

q 

I 

QFE 

QNE 

QNH 

R 

R 

R* 


Mach  number  error,  M*  -  M 

Vi, 

Reynolds  number,  p  -jj-,  where  Z  is  a  linear  dimension 

free-stre2un  static  pressure 
measured  static  pressure 

static-pressure  error  or  position  error,  p‘  -  p;  pressure  drop  in 
tubing 

static-pressure  increment 
pressure  at  altitude 
cabin  or  c<xi^artment  pressure 
pressure  inside  instrument 
local  static  pressure 
pressure  error  due  to  leak 

free-stream  total  pressure  for  subsonic  flow  and  total  pressure 
behind  normal  shock  wave  for  supersonic  flow 

measured  total  pressure 

I 

total  pressure  error,  p^  -  p^;  total  pressure  loss  through  normal 
shock  wave 

test  pressure 

dynamic  pressure 

free-stream  impact  pressure 

measured  ioqpact  pressure 

stai>dard  altimeter  setting  (barometric  scale  set  to  29.92  in.  Hg) 

barometric  scale  setting  for  altimeter  to  indicate  zero  at  airport 
elevation 

barometric  scale  setting  for  altimeter  to  indicate  elevation  of  airport 
gas  constant  for  air,  ft-Zb/slug-°R 
gas  constant  for  air,  ft-lb/lb-mol-°R 
universal  gas  constant 


s 

t 


T 

T* 

AT 


W 


«« 

X 

y 

z 

Az 

Az 

B 

Y 

0 

A 


wing  area  of  aircraft 

free-air  ten^erature,  ®C  or  °F;  thickness  of  wing  or  mounting  strut 
of  pitot-static  tube;  time 

free-air  temperature,  °K  or  °R 

indicated  (or  measured)  total  temperature,  °K  or  °R 

temperature  error,  T*  -  T;  ten^erature  rise  due  to  adiabatic  heating 
mean  tenqperature  of  column  of  air,  °K  or  °R 
horizontal  component  of  induced  velocity 
vertical  velocity 

free- stream  velocity;  true  airspeed 

calibrated  airspeed  (indicated  airspeed  corrected  for  static-pressure 
error) 

equivalent  airspeed 

indicated  airspeed  (corrected  for  instrument  scale  error) 

local  velocity 

airspeed  error, 

weight  of  aircraft 

mean  molecular  weight  of  air 

axial  location  of  orifices  (1)  along  static-pressure  tube,  (2)  ahead 
of  strut  or  collar  of  tube,  (3)  ahead  of.  aircraft,  or  (4)  to  center 
of  wave  on  fuselage  skin 

height  of  protuberance  at  fuselage  vent 

height,  geometric  feet 

height  increment 

vertical  displacement  of  aircraft  image  from  center  line  of  film  frame 

angle  of  conical  entry  on  total  pressure  tube 

ratio  of  specific  heats  of  air,  1.4 

pitch  attitude  of  airplane 

pressure  lag  constant 

pressure  lag  of  leak 

X 


V 


\ 


coefficient  of  viscosity 
p  density  (mass) ,  slugs/ft^ 

p  density  (weight),  Ib/ft^ 

0  standard  deviation 

T  _  acoustic  lag  timu*  _  _ _ _ _ 

radial  location  of  orifices  around  static-pressure  tube  or  fuselage 
Subrcripts: 

1  initial 

a  altitude:  actual 

c  critical:  conqputed;  camera 

I  local ;  leak 

B  measured;  midpoint 

o  sea  level 

s  standard 

Abbreviati ons : 

AAEE  Aeroplane  and  Armament  Experimental  Establishment  (British) 

AFCRC  Air  Force  Cambridge  Research  Center 

AFMTC  Air  Force  Missile  Test  Center 

ANA  Air  Force-Navy  Aeronautical 

A.R.C.  Aeronautical  Research  Committee  (British) 

FAA  Federal  Aviation  Administration 

NACA  National  Advisory  Committee  for  Aeronautics  (predecessor  to  NASA) 

NAES  Naval  Air  Experimental  Station 

NASA  National  Aeronautics  and  Space  Administration 

NBS  National  Bureau  of  Standards 

NOAA  National  Oceanic  and  Atmospheric  Administration 


xi 


R.A.E.  Royal  Aircraft  Establishment  (British) 

HADC  Wright  Air  Development  Center  (USAF) 

NACA  and  NASA  Reports: 

ARR  Advanced  Restricted  Report 

RM  Research  Memorandum  .  _  ..  . 

SP  Special  Publication 

TM  Technical  Memorandum 

TN  Technical  Note 

TP  Technical  Paper 

TR  or  Rep-  Technical  Report 
WR  Wartime  Report 


CHAPTER  I 


INTRODUCTION 

Accurate  measurements  of  speed  euid  altitude  are  essential  to  the  safe  ar.d 
efficient  operation  of  aircraft.  Accurate  speed  measurements,  for  example,  are 
needed  to  avoid  loss  of  control  at  low  speeds  (stall  condition)  and  to  prevent 
exceedeunce  of  the  aerodynamic  and  structural  limitations  of  the  aircraft  ct 
high  speeds,  whereas  accurate  altitude  measurements  are  needed  to  insure  clear¬ 
ance  of  terrain  obstacles  and  to  maintain  prescribed  vertical  separation  minima 
along  the  axrways. 

The  instruments  that  are  used  to  measure  speed  and  altitude  include  the 
altimeter,  the  airspeed  indicator,  the  tri.e-airspeed  indicator,  the  .Machmeter, 
and  the  rate-of-climb  (or  vertical-speed)  indicator.  All  these  instruments  are 
actuated  by  pressures,  while  one,  the  true-airspeed  indicator,  is  actuated  by 
air  t^perature  as  well. 

Two  basic  pressures,  static  pressure  and  total  pressure,  are  used  to  actu¬ 
ate  the  instruments.  The  static  pre-^sure  is  the  atmospheric  pressure  at  the 
flight  level  of  the  aircraft,  while  the  total  pressure  is  the  sun  of  the  static 
pressure  and  the  intact  pressure,  which  is  the  pressure  developed  by  the  forward 
speed  of  the  aircraft.  The  relation  of  the  three  pressures  can  thus  be 
expressed  by  the  following  aquation: 


Pt.  =  P  + 


(1.1) 


where  p^.  is  the  total  pressure,  p  the  static  pressure,  and  q^,  the  impact 
pressure . 

The  static  pressure  is  used  to  actuate  both  the  altimeter  and  the  rate-of- 
climb  indicator.  Although  this  pressun  varies,  from  day  to  day,  the  decrease  in 
static  pressure  with  height  is  generally  continuous  at  any  one  time  and  place. 
Accordingly,  a  pressure-height  relation  based  on  average  atmospheric  conditions 
has  been  adopted  as  a  standard  (see  "standard  atmosphere"  in  chapter  III) . 
Measurements  of  static  pressure  are  then  used  to  provide  indications  of  hoient 
in  terms  of  pressure  altitude  (chapter  XII)  and  indications  of  vertical  spoei 
in  terms  of  rate  of  change  in  the  pressure  altitude. 

For  the  three  forward-speed  indicators,  impact  pressure  is  derived  js  a 
differential  pressure  from  measurements  of  total  pressure  and  static  pressure 
in  accordance  with  equation  (1.1).  The  airspeed  indicator  io  actuated  solely 
t.  impact  pressure  and  is  calibrated  to  indicate  true  airspeed  at  sea-levol 
density  in  the  standard  atmosphere;  at  altitude,  however,  the  indicated  airspeed 
is  lower  than  the  true  airspeed  (chapter  III)  .  The  true-airspeed  indicator,  on 
the  other  hand,  combines  the  measurement  of  impact  pressure  with  measuronenrs  of 
static  pressure  and  temperature  to  ind-ate  true  airspeed  independent  of  alti¬ 
tude.  The  Machmeter  (named  for  the  Austrian  physicist,  Ernst  "ach)  combines 


measurements  of  impact  pressure  and  static  pressure  to  provide  indications  of 
true  airspeed  as  a  fraction  or  multiple  of  the  speed  of  sound  (sonic  speed) . 

The  airspeed  indicator,  true-airspeed  indicator,  and  Machmeter  measure 
speed  with  respect  to  the  air  mass.  Since  the  air  mass  can  move  with  respect  to 
the  ground,  the  measurement  of  ground  speed,  the  speed  of  basic  importance  to 
air  navigation,  must  be  derived  from  inputs  from  ground  navigational  aids. 


The  pressures  and  tesf>eratures  that  actuate  the  instruments  are  derived 
from  pressure  and  temperature  sensors  located  at  positions  on  the  aircraft  which 
are  remote  from  the  instruoients.  The  problem  of  designing  and  locating  the 
sensors  for  the  accurate  measurement  of  pressure  and  temperature  is  congilicated 
by  many  factors.  As  a  consequence,  the  pressures  and  temperatures  registered  by 
the  sensors  can  be  in  error  by  amounts  %rhich,  in  cases,  produce  sizable 

errors  in  the  indications  of  the  instrusmnts.  The  indications  of  an  instrument 
can  also  be  in  error  because  of  inperfections  in  the  instrument  itself.  Addi¬ 
tional  errors  may  be  introduced  because  of  a  time  lag  in  the  transmission  of 
the  pressures  to  the  instruments  whenever  the  pressure  at  the  pressure  source 
is  changing  rapidly,  as  in  the  case  of  high-speed  climbs  or  dives. 

'In  the  following  chapter,  a  typical  instrument  system  is  described,  and  the 
various  errors  associated  with  the  system  are  defined.  In  succeeding  chapters, 
the  errors  relating  to  the  design  of  the  total-  and  static-pressure  sensors  and 
to  the  location  of  the  sensors  on  an  aircraft  are  discussed,  and  the  flight 
calibration  methods  for  determining  the  pressure  errors  are  described.  Informa¬ 
tion  is  then  presented  on  ways  of  applying  corrections  for  these  errors  and  on 
methods  of  keeping  the  other  errors  within  acceptable  limits. 


2 


CHAPTER  II 


INSTRUHEMT  SYSTB<S  AND  ERRORS 

The  five  types  of  instruments  which  are  used  to  measure  speed  and  altitiule 

^and~'the~ pressure'  and  tea^raturs' sensors 'which  actuate 'theHLnstruments~%iere— - 

described  in  chapter  I.  This  chapter  describes  a  typical  instxument  system 
(instruments  and  sensors)  and  the  errors  associated  with  the  various  parts  of 
the  system. 

As  noted  in  the  first  chapter,  the  two  basic  pressures  that  jure  employed  in 
the  measurement  of  speed  and  altitude  are  total  pressure  and  static  pressure. 

Total  pressure  is  sensed  by  an  opening  in  a  forward-facing  tube  called  a  total- 
pressure  tube  or  pitot  t\ibe  (named  for  the  French  physicist,  Henri  Pitot) .  The 
static  pressure  is  sensed  by  orifices  in  the  side  of  another  type  of  tube,  called 
a  static-pressure  tube,  or  by  a  set  of  holes  in  t))e  side  of  an  aircraft  fuselage, 
called  fuselage  vents  or  static  ports.  Since  the  pitot  tube  and  the  static- 
pressure  tube  can  be  combined  into  a  single  tube,  t»K>  types  of  pressure-measuring 
installations  are  possible:  a  pitot-static  tube  installation  or  a  pitot  tube  in 
combination  with  a  fuselage  -vent  system.  Diagrams  of  a  pitot  tube,  a  static- 
pressure  tube,  a  pitot-static  tube,  and  a  pitot-tube/fuselage-vent  installation 
are  shown  in  figure  2.1. 

The  pressures  that  are  sensed  by  the  pitot  tube  and  the  static-pressure 
tube  (or  fuselage  vents)  are  conveyed  through  tubing  to  pressure-sensing  ele- 
meats  which  axe  generally  in  the  form  of  c^sules,  diaphragms,  or  bellows.  All 
of  these  types  of  sensing  elements  are  used  in  the  electrical  instrument  systems 
to  be  described  in  chapter  XI.  The  capsule-type  sensing  element  is  used  in 
simpler,  mechanical  instrtiments  described  in  this  chapter. 

T):e  pressure  capsules  are  formed  by  joining  together  two  corrugated  dia¬ 
phragms  tdiich  are  about  2  in.  in  diameter.  Two  types  of  capsule  are  used  in 
aircraft  instruments:  one  for  measuring  absolute  pressure  and  the  other  for 
measuring  differential  pressure.  The  absolute-pressur**  (or  aneroid)  capsule  is 
evacuated  and  sealed,  whxle  the  differential-pressure  capsule  lias  an  opening 
that  is  connected  to  a  pressure  source.  As  indicated  in  figure  2.2,  the 
absolute-pressure  capsule  reacts  to  the  pressure  inside  the  instrument  case, 
tdiile  the  differential-pressure  capsule  reacts  to  the  difference  between  the 
pressure  inside  the  capsule  and  the  pressure  in  the  instrument  case.  Thus,  for 
both  types  of  capsule,  the  instrument  case  is  used  as  a  pressure  chamber  to  form 
one  element  of  the  pressure-measuring  system. 

.  Also  shown  in  figure  2.2  are  the  directions  of  the  deflection  of  the  cap¬ 
sules  for  a  given  pressure  change.  These  deflections,  which  are  very  small,  are 
amplified  through  a  system  of  gears  and  levers  (gear  train)  to  rotate  a  pointer 
in  front  of  the  scale  on  the  dial  of  the  instrument. 

The  routing  of  the  pressure  tubing  from  a  total-pressure  tube,  static- 
pressure  tube,  and  tengierature  probe  to  a  set  of  the  five  types  of  instruments 
is  shoMi  in  figure  2.3.  The  static-pressure  tube  is  connected  to  all  the 
instruments,  whereas  the  total-pressure  tube  is  connected  only  to  those  instru- 
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ments  that  measure  forward  speed.  The  tessera ture  probe,  which  is  connected  to 
the  true-airspeed  indicator,  is  a  type  used  with  liquid-pressure  thermometers. 

The  pressure  tubing  from  the  total-pressure  and  static-pressure  tubes  is  gener¬ 
ally  aJsout  0.2  to  0.3  in.  in  inside  diameter,  whereas  the  capillary  tubing  from 
the  teiiq>erature  probe  is  about  0.01  to  0.02  in. 

The  pressure- sensing  element  of  the  altimeter  (fig.  2.3)  is  an  aneroid 
capsule  that  expands  as  the  static. pressure _inside- the  instrument  case  decreases 
with  increasing  altitude.  (See  fig.  2.2(a).) 

In  the  rate-of-climb  indicator,  the  static-pressure  tube  is  connected  to  a 
differential-pressure  capsule  and  to  a  capillary  tube  that  opens  into  the  instru¬ 
ment  case.  With  a  change  in  static  pressure,  the  simultaneous  flow  of  air  into, 
or  out  of,  the  capsule  and  the  capillary  tube  is  adjusted  (by  the  size  of  the 
capillary  leak)  so  that  the  capsule  deflects  in  terms  of  a  rate  of  change  of 
pressure,  which  is  calibrated  to  yield  a  measure  of  vertical  speed. 

The  pressure-sensing  element  of  the  airspeed  indicator  is  a  differential- 
pressure  capsule  that  expands  as  the  total  pressure  increases.  Since  the  pres¬ 
sure  inside  the  case  is  the  static  pressure,  the  instrument  performs  a  mechanical 
subtraction  of  total  and  static  pressures  to  yield  a  measure  of  impact  pressure 
in  accordance  with  equation  (1.1).  (See  fig.  2.2(b).) 

The  Machmeter  contains  both  an  aneroid  capsule  and  a  differential-pressure 
capsule  to  provide  measures  of  static  pressure  and  in^ct  pressure.  The  deflec¬ 
tions  of  the  t%K>  capsules  are  coupled  to  yield,  mechanically,  the  ratio  of 
in^pact  pressure  to  static  pressure  (q^/p)  which,  as  discussed  in  the  next 
chapter,  is  a  function  of  Mach  number. 

The  true-airspeed  indicator  contains  (1)  two  differential-pressure  capsules 
to  provide  measures  of  iiiq>act  pressure  and  air  tenq>erature  and  (2)  an  aneroid 
capsule  to  provide  a  measure  of  static  pressure.  Since  the  true  airspeed  is  a 
function  of  dynasde  pressure,  derived  from  the  measured  intact  pressure  and 
static  pressure  as  discussed  in  chapter  V,  and  the  air  density,  derived  from 
static  pressure  and  temperature,  the  deflections  of  the  three  capsules  can  he 
coupled  to  yield  a  measure  of  true  airspeed. 

Also  shown  in  figure  2.3  are  the  pressures  (p^  and  p')  sensed  by  the 
total-  cuid  static-pressure  tubes  and  the  tenqierature  (T*)  sensed  by  the  tempera¬ 
ture  probe.  For  any  one  flight  condition,  the  differences  between  and  the 
free-stream  total  pressure  Pt  and  between  T*  and  the  free-air  temperature  T 
depend  primarily  on  the  design  characteristics  of  tlie  pitot  tube  and  the  tem¬ 
perature  probe.  The  difference  between  p'  and  the  free-stream  static  pressure 
p  depends  on  both  the  design  of  the  static-pressure  tube  and  on  the  location 
of  the  tube  in  the  pressure  field  surrounding  the  aircraft  (chapter  V) . 

The  difference  between  p^  and  p^,  called  the  total-pressure  error  Ap^, 
is  defined  by 


APt 


Pt  -  Pt 


(2.1) 
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Similarly,  the  difference  between  p*  and  p,  the  static-pressure  error  Ap, 
is  defined  by 

Ap  “  P*  “  P  (2.2) 

The  difference  between  T*  and  T,  the  temperature  error  AT,  is  defined  by 

AT  »  T*  -  T  (2.3) 

As  noted  in  the  previous  chapter,  the  indications  of  the  instruments  may  be 
affected  by  errors  due  to  the  time  lag  in  the  transmission  of  the  pressures  and 
to  imperfections  in  the  instrument  mechanism.  The  errors  associated  with  the 
instrument  mechanism  depend  on  (1)  the  elastic  properties  of  the  pressure  cap¬ 
sule  (scale  error,  hysteresis,  and  drift)  and  (2)  the  effects  of  temperature, 
acceleration,  and  friction  on  the  linkage  mechanism.  The  scale  error  is  the 
difference,  for  a  given  applied  pressure,  between  the  value  Indicated  by  the 
instruaient  and  the  correct  value  corresponding  to  the  applied  pressure.  From 
the  foregoing  discussion,  the  overall  error  of  an  instrument  system  is  a  combi¬ 
nation  of 

1.  Total-  and  static-pressure  errors  of  the  pitot-static  installation  and 

the  temperature  error  of  the  tenperature  probe 

2.  Errors  due  to  time  lag  in  the  transmission  of  the  pressures 

3.  Errors  relating  to  the  operation  of  the  instrument  mechanism 

The  magnitude  and  nature  of  the  errors  vary  widely,  so  that  different  means 
are  used  to  minimize  different  errors.  The  total-pressure,  static-pressure,  and 
temperature  errors,  for  example,  are  systematic;  that  is,  for  a  given  flight 
condition,  the  errors  are  essentially  repeatable  and  hence  can  be  determined  by 
calibration.  The  static-pressure  error  can  be  quite  large,  whereas  the  total- 
pressure  error  is  generally  negligible  (chapters  IV  and  VII) .  The  magnitude  of 
the  temperature  error,  expressed  in  terms  of  a  recovery  factor,  is  discussed  in 
chapter  III. 

The  errors  due  to  pressure  lag  are  transitory  and  vary  with  the  rate  of 
climb  or  descent  of  the  aircraft.  For  a  given  rate  of  change  of  altitude,  the 
magnitude  of  the  lag  error  depends  primarily  on  the  length  and  diameter  of  the 
pressure  tubing  and  on  the  volume  of  the  instruments  connected  to  the  tubing. 
Accordingly,  the  lag  errors  of  a  particular  pressure  system  are  kept  within 
acceptable  limits  by  proper  design  of  the  system  (chapter  X) . 

Of  the  various  instrument  errors,  the  scale  error  is  systematic,  while  the 
other  errors  are  generally  random.  The  scale  error  is  usually  the  largest  of 
the  instrument  errors  and  can  be  determined  by  laboratory  calibration.  The 
remaining  errors  are  kept  within  acceptable  limits  by  careful  design,  construc¬ 
tion,  and  adjustment  of  the  instrument  mechanism. 


The  instrument  errors  and  ttw  errors  of  the  pitot-static  installation  are 
required  to  meet  specified  tolerances  (allovatole  errors).  The  tolerances  for 
the  instrument  errors  can  be  cosibined  to  yield  an  "instrument  error,"  and  this 
error  can  be  combined  with  the  tolerance  for  the  static-pressure  etror  to  yield 
an  "instrument  system  error"  (chapter  XII).  Mathematical  procedures  for  com¬ 
bining  the  tolerances  for  the  irstrustent  errors  and  the  static-pressure  error 
are  described  in  references  1  through  4. 

~Since  the  scale  error  of  instinaMnt~an^~t)ie'^tat£c^pressure  error  of 
the  installation  can  be  determined  by  calibration,  corrections  for  these  two 
errors  can  be  applied.  With  mchanical  instrument  systems,  corrections  for 
these  errors  are  applied  by  means  of  correction  charts,  or  cards,  that  are 
supplied  to  the  pilot.  With  electrical  instruments,  the  corrections  are  applied 
automatically  by  some  form  of  coiiq>uter  (chapter  XI).  For  systests  in  which  cor¬ 
rections  for  the  two  errors  are  applied,  the  instrument  system  error  is  usually 
much  lower  than  the  error  derived  from  a  stsmsation  of  the  instrument  and  static- 
pressure  error  tolerances.  The  laboratory  procedures  for  determining  the  scale 
error  are  described  in  chapter  XI  and  the  flight  procedures  for  determining  the 
static-pressure  error  are  described  in  chapter  IX.  Since  the  procedures  for 
determining  the  scale  error  are  well  established,  this  text  emphasizes  flight 
procedures  by  vdiich  static-pressure  installations  are  calibrated. 
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Orifices 


(b)  Static-pressure  tube . 


Total  pressure 
Static  pressure 


(d)  Pitot- tube/fuselage- vent  installation. 

Figure  2-1.-  Diagraas  of  pressure  tubes  and  a 
pitot-tube/fuselage-vent  installation. 
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CHAPTER  III 


STANDARD  AIMOSPHERE  AND  EQUATIONS  FOR  AIRSPEED, 

MACH  NUMBER,  AND  TRUE  AIRSPEED 

As  nbted'ih"chapter  I,  the  pressure  altiaieter  is  calibrated  in  accordance 
with  the  pressure-height  relation  in  the  standard  atatosphere.  In  the  first  sec¬ 
tion  of  this  chapter,  the  equations  and  the  atmospheric  properties  on  which  the 
standard  atmosphere  is  based  are  presented.  In  succeeding  sections,  the  equa¬ 
tions  relating  (1)  impact  pressure  to  airspeed,  (2)  ioqpact  pressure  and  static 
pressure  to  Mach  number,  and  (3)  impact  pressure,  static  pressure,  and  tempera¬ 
ture  to  true  airspeed  are  described.  These  equations  are  of  fundamental  impor¬ 
tance  to  both  the  laboratory  calibrations  of  the  instruments  and  the  deduction 
of  flight  parameters  from  measured  pressures  and  temperature. 

In  the  following  sections,  reference  is  made  to  tables  of  airspeed  and 
altitude  in  U.S.  Customary  Units  (appendix  A).  As  noted  in  the  Preface,  tables 
of  the  same  quantities  in  the  International  (metric)  System  of  Units  (SI)  are 
also  included  in  appendix  A. 


Standard  Atmosphere 

The  so-called  standard  atmosphere  is  a  representation  of  the  atmosphere 
based  on  average  conditions  at  a  latitude  of  45°  north.  A  number  of  standard 
atmospheres  have  been  developed  through  the  years  (ref.,  x  through  13).  Each 
new  standard  has  differed  from  the  previous  standard  )3ecause  of  the  adoption  of 
revised  values  of  some  of  the  physical  constants  on  which  the  atmospheres  are 
based  or  because  of  the  acquisition  of  new  information  on  some  of  the  atmospheric 
properties  (particularly  at  the  higher  altitudes) .  All  the  atmospheres  are  based 
on  mean  values  of  pressure,  ten^erature,  density,  and  :he  acceleration  cf  gravity 
at  sea  level  and  on  a  mean  value  of  the  variation  of  temperature  with  height. 

In  the  construction  of  a  standard  atmosphere  on  the  basis  of  these  mean 
values,  assuB^tions  are  made  that 

1.  The  air  is  a  dry,  perfect  gas  that  obeys  the  laws  of  Charles  and  Boyle, 


P 


PoT 


(3.1) 


and  thus  the  perfect  gas  law. 


P 


pH 

m 

R*T 


RT 


(3.2) 
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2.  The  atmosphere  is  in  hydrostatic  equilibrium,  so  that  the  relation 
between  the  pressure  p  and  the  geometric  height  Z  can  be  expressed  by  the 
equations. 


dp  =  -gp  dZ  *  -P  dZ 


<JP  “  -<3 


-^dZ 
RT— - 


(3.3) 


(3.4) 


where  p  (or  p)  is  the  density,  p  the  pressure,  T  the  temperature,  g  the 
acceleration  of  gravity,  W^,  the  mean  molecular  weight  of  air,  R*  the  uni¬ 
versal  gas  constant,  and  R  (or  R)  the  gas  constant  for  air.  The  two  symbols 
given  for  density  and  the  gas  constant  for  air  denote  differences  in  units  which 
are  found  in  some  of  the  reference  reports.  For  the  symbols  given  in  this  text, 
the  unit  of  P  is  slugs  per  cubic  foot  and  the  unit  of  P  is  pounds  per  cubic 
foot.  The  value  of  R  is  1716.5  ft-lb/slug-®R  and  the  value  of  R  is 
53.352  ft-lb/(lb  inol)°R. 


The  earlier  atmospheres  (refs.  1  through  5)  were  based  on  the  assumption 
that  the  acceleration  of  gravity  remained  constant  at  its  sea-level  value  g^. 
For  the  later  atmospheres  (refs.  6  through  13) ,  the  decrease  of  g  with  height 
was  ta)(en  into  account  by  the  formation  of  a  new  height  parameter  called  geo¬ 
potential  altitude  H.  The  relation  between  H  and  Z  is  given  by 


dZ 


(3.5) 


The  value  of  Z/H  varies  uniformly  from  1.0  at  sea  level  to  1.0048  at 
100  000  ft.  The  relation  between  p  and  H  is  given  by  the  following 
equations : 


or 


9o  - 

dp  =  -goP  dH  - - P  dH 


dp  =  - 


(3.6) 


(3.7) 


Pressure-altitude  tables  for  the  calibration  of  altimeters  in  terms  of  geo¬ 
potential  feet  are  given  in  references  6  through  13.  All  these  tables  are  the 
same  for  altitudes  up  to  65  800  ft,  and  the  tables  of  references  11  through  13 
are  the  same  for  altitudes  up  to  100  000  ft.  The  tables  of  reference  11  (the 
U.S.  Standard  Atmosphere,  1962)  have  been  selected  for  presentation  in  this  text 
because  the  pressures  and  altitudes  are  given  in  both  U.S.  Customary  Units  (the 
system  of  units  used  in  this  text)  and  SI  Units.  The  pressure-altitude  tables 
of  references  12  and  13  are  in  SI  Units. 
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Th«.  sea- level  values  of  pressure,  temperature,  density,  amd  the  accelera¬ 
tion  cf  gravity  for  the  atmosphere  of  reference  11  are  as  follows: 

Po  -  29.9213  in.  Hg  or  2116.22  Ib/ft^ 

to  *  59.0®  F  or  15.0°  C 

Tq  »  518.67°  R  or  288.15°  K 

- -p  0 . 0023769'slug/f  t^ - - -  - - - - 

Po  =  0.076474  Ib/ft^ 
go  =  32.1741  ft/sec‘ 

The  temperature  gradient  or  lapse  rate  dT/dH  is  -0.00356616°  F  per  geo¬ 
potential  foot  from  sea  level  to  36  09C  geopotential  feet.  From  this  altitude 
to  65  800  ft,  the  teogserature  is  constant  at  -69.7°  P  and  then  increases  to 
-50.836°  F  at  100  000  ft- 

Tables  of  pressure,  density,  temperature,  coefficient  of  viscosity,  speed 
of  sound,  and  the  acceleration  of  gravity  are  given  in  appendix  A  for  geopoten¬ 
tial  altitudes  up  to  100  000  ft: 

In  table  Al,  values  of  pressure  are  given  in  inches  of  mercury  (0°  C) 
(to  correspond  with  the  scales  of  mercury-in-glass  barometers  used  for 
calibration  of  altimeters);  in  table  A2,  the  values  are  given  in  pounds  per 
square  foot. 

In  table  A3,  values  of  air  density  are  given  in  pounds  per  cubic  foot. 
Values  in  units  of  slugs  per  cubic  foot  can  be  derived  by  dividing  the 
values  of  table  A3  by  the  acceleration  of  gravity. 

In  tables  A4  and  A5,  values  of  free-air  temperature  are  given  in 
degrees  Fahrenheit  and  Celsius.  Values  of  absolute  temperature  in 
degrees  Rankine  and  Kelvin  can  be  derived  by  means  of  the  following 
equations : 

T(°R)  =  t(°F)  +  459.67  (3.8) 

T(°K)  =  t(°C)  +  273.15  (3.9) 

In  table  A6,  values  of  the  coefficient  of  viscosity  are  given  in 
pound-seconds  per  square  foot.  Values  in  pounds  per  foot-second  (the  unit 
used  in  ref.  11)  can  be  derived  by  multiplying  the  values  in  table  A6  by 
the  acceleration  of  gravity. 
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In  table  A7,  values  of  the  speed  of  sound  are  given  in  miles  per  hour 
and  knots. 

In  table  A8,  values  of  the  acceleration  of  gravity  are  given  in  feet 
per  second  squared. 


Airspeed  Equations 

_ In-incoapretBsible.flow,-the  pressure  developed  by-  the. forward  motion  of  a 

body  is  called  the  dyna!.ac  pressure  q,  which  is  related  to  the  true  airspeed  V 
by  the  equation, 

I* 

q=ipv2  (3.10) 

where  p  is  the  density  of  the  air  and  V  is  the  speed  of  the  body  relative  to 
the  air.  Air,  however,  is  conpressible,  and  when  airspeed  is  measured  with  a 
pitot-static  tube,  the  air  is  ce»q>ressed  as  it  is  brought  to  a  stop  in  the  pitot 
tube.  As  a  consequence  of  this  coiiq>ression,  the  measured  inpact  pressure  q^ 
(eq.  (1.1))  is  higher  than  the  dynamic  pressure  of  equation  (3.10).  The  effects 
of  compressibility  can  be  taken  into  account  by  determining  the  relation  between 
the  true  airspeed  V  and  the  impact  pressure  q^  by  means  of  the  following 
equations : 

1.  The  equation  for  the  total  pressure  (eq.  (1.1)), 


Pt  =  ‘Jc  ^  P 

2.  The  equation  for  the  speed  of  sound  a  ..n  air. 


(1.1) 


(3.11) 


tihere  y  is  the  ratio  of  the  specific  heats  of  air. 

3.  Bernoulli's  formula  for  total  pressure  in  compressible  flow. 


(3.12) 


4.  The  formula  for  total  pressure  behind  a  normal  shock  wave  (for  V  =  a) , 


Pt  = 


i]LjLJJ_£  v2 
-  T  P _ 


^  -  2(y  -  1) 


1 

Y-l 


(V  =  a) 


(3.13) 


14 


With  the  substitution  of  equation  (1.1)  in  equation  (3.12)  an<3  equa¬ 
tions  (1.1)  and  (3.11)  in  equation  (3.13),  V  can  be  expressed  in  terms  of 
by  the  followinq  equations: 


’c  -  *  V  f  ‘ 


13.14) 


1  y/V \  (Y  *  1) 

2  laJP 

4Y  -  2(Y  - 


-2 — 


(V  4  a)  (’.15) 


For  the  calibration  of  airspeed  indicators,  the  concept  of  calibrated  air¬ 
speed  is  introduced  and,  by  definition,  V^.  is  made  equal  to  V  at  sea 

level  for  standard  sea-level  conditions.  Thus,  by  substituting  the  standard 
sea-level  values  of  p,  p,  and  a  in  equations  (3.14)  and  (3.15),  V^,  can  be 

related  to  q^  by  the  following  equations: 


(Vc  i  Bo)  (3.16) 


(Y  *  1)‘ 


4Y  -  2(Y 


(Vc  =  ao) 


(3.17) 


Airspeed  indicators  are  calibrated  in  accordance  with  equation  (3.16)  for  sub¬ 
sonic  speeds  (V^  ^  a^)  and  equation  (3.17)  for  supersonic  speeds  (V(;  =  Bq) .  The 
sea- level  values  of  pressure,  density,  and  speed  of  sound  used  in  these  equa¬ 
tions  are  those  given  in  reference  11,  namely, 

Po  =  2116.22  Ib/ft^ 

Pq  =  0.0023769  sluq/ft^ 

Sq  =  1116.45  ft/sec 


The  value  that  has  been  adopted  for  Y  is  1.4.  Note,  however,  that  at  high 
altitudes,  the  value  of  Y  inay  vary  slightly  from  1.4  (refs.  11  and  14). 
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For  subsonic  speeds,  the  true  airspeed  V  can  be  deduced  fro:  the  cali¬ 
brated  airspeed  and  the  air  density  p  by  means  of  the  following  equation 

which  is  derived  by  dividing  equation  (3.14)  by  equation  (3.16): 


V  = 


(V  ^  a)  (3.18) 


where  f  is  a  compressibility  factor  defined  by 


(3.19) 


Values  of  f  and  f^  (the  cofl?>ressibility  factor  for  standard  sea-level 
conditions)  are  given  in  figure  3.1  for  values  of  q^/p  up  to  0.893  (the  ratio 
for  M  =  1-0  for  wliich  V  =  a)  -  The  value  of  p  for  use  in  equation  (3.18) 
can  be  determined  from  equation  (3.1)  and  measured  values  of  static  pressure 
and  air  temperature. 

In  aircraft  structural  design,  use  is  made  of  an  airspeed  that  equates  the 
dynamic  pressure  at  altitude  ~  to  the  dynamic  pressure  at  sea  level 

for  standard  sea-level  density  (<1  *  J  ^o'^e^)  *  This  airspeed  Vg  is  called  the 
equivalent  airspeed  and  is  related  to  V  by  the  following  equation)  : 


V 


e 


(3.20) 


Another  airspeed  term,  indicated  airspeed,  is  generally  defined  as  the 
indication  of  an  airspeed  indicator  uncorrected  for  instrument  error  and  the 
error  of  the  pitot-static  installation.  In  this  text,  Ivowever,  the  indicated 
airspeed  is  defined  as  the  airspeed  indication  corrected  for  instrument 

scale  error  (chapter  II).  Thus,  since  the  calibrated  airspeed  V^,  is  the 
indication  of  an  airspeed  indicator  corrected  for  both  instrument  scale  error 
and  static-pressure  error,  the  difference  between  and  V»  is  a  measure  of 

the  static-pressure  error. 

To  summarize  the  relations  between  Vj^,  V^,  and  V  in  simple  terms,  Vj^ 
is  the  indication  of  an  airspeed  indicator  corrected  for  instrument  scale  error, 
Vg  is  7^  corrected  for  static-pressure  error,  and  V  is  tne  true  airspeed, 
which  is  equal  to  V^,  at  sea  level. 

Tables  relating  calibrated  airspeed  to  impact  pressure  are  presented  in 
references  4,  10,  12,  15,  16,  and  17.  The  tables  of  reference  10  are  given  in 
this  text  because  they  are  based  on  a  revised  value  of  the  nautical  mile  adopted 
in  1959  and  because  the  units  of  and  q^  are  in  U.S.  Customary  units. 
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Values  of  Ispact  pressure  for  calibrated  airspeeds  (or  for 

indicated  airspeeds  Vj^)  up  to  1100  Bq>h  and  1000  knots  are  qiven  in  tables  A9 
through  A12  of  appendix  A.  The  values  in  niles  per  hour  are  based  on  a  statute 
mile  equal  to  5280  ft,  and  the  values  in  knots  are  based  on  the  1959  value  of 
the  nautical  mile  (6076.12  ft). 


"  ■  .  '■  ’ '  '  ~Kach*tlijBber''Equations'^‘  .  . 

As  noted  in  chapter  1.  the  Mach  number  M  is  the  ratio  of  the  true  air¬ 
speed  V  to  the  speed  of  sound  a  in  the  ambient  air;  that  is, 

M  -  V/a  (3.21) 


By  substituting  in  this  expression  the  equation  for  the  speed  of  sound  given  in 
equation  (3.11),  H  can  be  related  to  V  by  che  following  equation: 


V  =  M 


(3.22) 


The  Mach  number  may  then  be  expressed  in  terms  of  by  substituting  equa¬ 

tion  (3.22)  in  equations  (3.12)  and  (3.13),  which  then  become 


and 


Pt 


pll  + 


Pt 


1  T 
2 


4YM2  -  2(Y  -  1)J 


1 

lY-1 


(3.23) 


(M  i  1)  (3.24) 


With  the  additional  substitution  of  equation  (1.1)  in  equations  (3.23)  and 
(3.24),  M  can  be  expressed  as  a  function  of  q^-Zp  as  follows: 


and 


5s. 

P 


1 


5s 

P 


1  -*•  Y 
2 


f,2  (1  +  Y)V  _ 

4yM^  -  2(Y  -  1) 


1 

|7-1 


1 


(M  S  1)  (3.25) 


(.M  2  1)  (3.26) 


Machmeters  are  calibrated  in  accordance  with  equation  (3.25)  for  subsonic  speeds 
(H  w  1)  and  equation  (3.26)  for  supersonic  speeds  (H  i  1). 


( 
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In  table  A26  of  appendix  A,  values  of  q^/p  for  given  values  of  M  (or 
values  of  qc/p'  Cor  given  values  of  H')  are  tabulated  for  Mach  numbers  up 
to  S.C  (from  ref.  4). 


True-Airspeed  Equations 


_  _ As  noted  earlier,  trae_airspeed_can  be.  derived,f ram  calibrated  airspeed  in 

suteonic  range  by  means  of  equation  (3.18).  The  true  airspeed  can  also  be 
determined,  at  both  subsonic  and  supersonic  speeds,  from  its  relation  to  Mach 
nianber  and  the  speed  of  sound  in  equation  (3.21).  For  this  case,  M  is  deter¬ 
mined  from  equations  (3.25)  and  (3.26)  and  a  is  determined  by  combining  equa¬ 
tions  (3.1)  and  ^3.11)  tdtich  yields  the  following  equation  relating  a  to  the 
teaf>erature  of  the  ambient  air: 


a 


T 

To 


(3.27) 


%ihere  T  is  the  absolute  temperature  in  degrees  Ran)cine  or  Kelvin.  For  Pq  in 
slugs  per  cubic  foot  and  p^  in  pounds  per  square  foot,  the  value  of  a  is  in 
feet  per  second. 

For  values  in  terms  of  miles  per  hour  or  Icnots,  the  speed  of  sound  can  be 
calculated  from  any  of  the  following  equations  derived  from  equation  (3.27i: 

1.  If  a  is  in  miles  per  hour  an*!  T  is  in  degrees  Rankine, 

a  =  33.424  rfr 

2.  If  a  is  in  knots  and  T  is  in  degrees  Rankine, 

a  *  29.045  ^ 

3.  If  a  is  in  miles  per  hour  and  T  is  in  degrees  Kelvin, 

a  >  44.844  {t 

4.  If  a  is  in  knots  and  T  is  in  degrees  Kelvin, 

a  »  38.968^ 


The  value  of  T  required  for  the  calculation  of  a  is  the  ten^erature  of 
the  free  stream.  While  some  aircraft  temperature  probes  register  free-stream 
temperature  directly,  the  teiiq>erature  registered  by  other  types  of  probes  is 
higher  than  the  stream  value  because  of  the  adiabatic  heating  effect  of  the  air¬ 
flow  on  the  sensor.  The  extent  to  irdiich  the  probe  measures  the  adiabatic  heat¬ 
ing  effect  is  stated  in  terms  of  a  recov'ery  factor,  which  ranges  from  zero  (no 
adiabatic  heating)  to  1.0  (full  adiabatic  ''emperature  rise) .  The  recovery 
factor  of  a  teiQ>erature  probe  can  be  determined  from  calibration  tests  in  a  wind 
tunnel.  An  electrical- type  tenq>erature  probe  having  a  recovery  factor  near 
unity  (0.99)  is  shorn  in  figure  3.2  (from  ref.  18). 
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If  the  recovery  factor  of  the  probe  is  1.0  or  if  the  probe  is  located  in  a 
re9ion  where  the  local  velocity  of  the  air  is  equal  to  the  free-stream  velocity, 
the  free-air  temperature  T  can  be  calculated  front  the  following  equation: 


where  T*  is  the  measured  (or  total)  temperature  and  X  is  the  recovery  factor 
of  the  probe.  For  the  more  qeneral  case  in  which  the  recovery  factor  is  less 
than  1.0  and  the  probe  is  located  in  a  reqion  where  the  local  velocity  differs 
from  the  free-stream  value,  the  free-air  temperature  can  be  calculated  from  the 
followinq: 


T 


(3.29) 


where  is  the  local  Mach  number,  which  caai  be  determined  from  measurements 

of  the  locrl  inqpact  and  static  pressures  in  the  region  in  which  the  probe  is 
located. 


Val'oes  of  the  speed  of  '.'und  a  in  miles  per  hour  and  knots  are  given  in 
table  a7  of  appendix  A  for  geopotential  altitudes  up  to  100  000  ft.  The  values 
of  a  are  based  on  the  values  of  T  in  the  standard  atmosphere  of  reference  11. 


Values  of  true  airspeed  V  for  calibrated  airspeeds  from  0  to  1000  knots 
and  geopotential  altitudes  from  0  to  100  000  ft  are  given  in  table  A13  of 
appendix  A.  The  values  of  V,  v^.,  and  H  in  this  table  are  based  on  the 
standard  atmosphere  of  reference  11. 


A  chart  showing  the  relations  of  calibrated  airspeed,  true  airspeed,  anc 
Mach  number  for  altitudes  up  to  60  000  ft  and  temperatures  from  -100*’  F  to 
120°  F  is  presented  in  figure  3.3  (from  ref.  19). 


Conversion  Factors 

For  a^lications  requiring  the  conversion  of  the  pressure  units  in 
tables  A1  and  A2  and  A9  through  A12  of  appendix  A  to  other  units,  conversion 
factors  for  a  variety  of  other  pressure  units  are  given  in  table  A27  of 
appendix  A.  For  conversion  of  U.S.  Custcxnary  Units  to  SI  Units,  conversion 
factors  and  metric  equivalents  are  given  in  table  >28  of  appendix  A  (re  f.  20). 
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Hach  number 


Figure  3.3.-  Chart  of  calibrated  airspeed,  true  airspeed,  and 
Mach  number.  (Adapted  from  ref.  19.) 


Trill*  A  i  rtf  peed 


CHAPTER  IV 


TOTAL- PRESSURE  MEASUREMENT 

The  equations  for  airspeed,  Mach  number,  and  true  airspeed  given  in  the 
previous  chapter  are  all  based  on  the  neasurement  of  impact  pressure.  As  shown 
by  equation  (1.1),  however,  the  impact  pressure  is  derived  from  measured  values 
of  total  pressure  and  static  pressure.  In  this  and  the  following  chapters, 

~  therefore ,~the  problems  relating  to  the 'measurement  of  total  pressure  with  pitot 
tubes  and  the  measurement  of  static  pressure  with  static-pressure  tubes  or 
fuselage  vents  are  considered  in  some  detail. 

As  noted  in  the  next  chapter,  the  static  pressure  at  successive  points 
along  lines  of  airflow  past  a  body  can  vary  widely,  whereas  the  total  pressure 
along  these  lines  of  flow  remains  constant.  For  this  reason,  the  measurement 
of  total  pressure  is  much  less  difficult  than  the  measurement  of  free-stream 
static  pressure.  The  measurement  of  total  pressure  is  also  easier  because  the 
problem  of  total-pressure  tube  design  is  less  difficult  than  the  design  problem 
for  static-pressure  tubes. 

The  principal  difficulty  encountered  in  the  measurement  of  total  pressure 
relates  to  the  change  in  the  measured  pressure  when  the  pitot  tube  is  inclined 
to  the  airflow.  Since  the  magnittide  of  this  change  is  largely  dependent  on  the 
design,  or  configuration,  of  the  pitot  tube  (which  can  take  a  wide  variety  of 
forms) ,  the  problem  of  measuring  total  pressure  with  tubes  inclined  to  the  flow 
is  considered  separately  from  the  simpler  case  of  tubes  aligned  with  the  flow. 


Tubes  Aligned  With  the  Flow 

When  aligned  with  the  flow  in  the  subsonic  speed  range,  almost  any  open-end 
tube  registers  total  pressure  correctly  provided  that  the  tube  is  located  away 
froo  any  boundary  layer,  wake,  propeller  slipstream,  or  engine  exhaust.  For 
operations  at  high  subsonic  speeds,  the  tube  should  be  located  away  from  any 
area  of  high  curvature  on  the  structure  where  shock  waves  form  when  the  local 
speed  becomes  sonic.  As  all  these  locations  can  usually  be  avoided,  there  is 
generally  little  problem  in  measuring  total  pr:  ^sure  at  subsonic  speeds  when 
the  tuJse  is  aligned  with  the  flow.  Locations  which  have  proved  satisfactory 
for  pitot-tube  installations  include  positions  ahead  of  the  fuselage,  wing,  or 
vertical  fin  for  tubes  mounted  on  short  horizontal  booms  or  positions  along  the 
fuselage  or  under  the  wing  for  t<ibes  moiinted  on  short  struts.  Examples  of 
service-type  pitot  tubes  designed  for  end-mounting  strut-mounting  are  shown 
in  figure  4.1. 

For  operations  in  the  supersonic  speed  range,  the  tube  should  be  located 
ediead  of  shock  waves  emanating  ^ro!2  any  part  of  the  aircraft.  The  location 
that  best  meets  this  requirement  is,  obviously,  a  position  ahead  of  the  fuse¬ 
lage  nose.  When  located  ahead  of  the  fuselage  bow  shock,  however,  the  tube  is 
still  influenced  by  a  shock,  for  a  small  normal  shock  wave  forms  ahead  of  the 
t\il>e.  The  presence  of  this  shock  is  important  to  the  measur^ent  of  total 
pressure  Isecause  the  total  pressure  decreases  through  the  shock,  so  that  the 
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pressure  measured  by  the  tube  is  lower  than  the  free-stream  value  ahead  of  the 
shock.  The  magnitude  of  the  total-pressure  loss  through  the  shock  Ap^  as  a 
fraction  of  the  free-stream  total  pressure  p^  is  given  by  the  following 
expression  derived  by  subtracting  equation  (3.24)  from  equation  (3.23),  dividi 
the  resulting  quantity  by  equation  (3.23),  and  assigning  the  value  of  1.4  to 


Pt' 


1.2M' 


>(  5.76M^ 

\S.6M-  -  0.8/ 


(1  +  0.2M'=) 


3.5 


(4. 


«rhere  M  is  the  free-stream  Mach  number.  The  variation  of  with  Mach 

number  for  the  Mach  range  from  1.0  to  3.0  is  shown  in  figure  4.2.  For  the  lab 
ratory  calibration  of  airspeed  indicators  and  Machmeters  in  the  supersonic  spe 
range,  the  total-pressure  loss  through  the  shock  is  taken  into  account  in  the 
computation  of  the  pressure  tables  by  which  the  instruments  are  calibrated 
(see  eqs.  (3.17)  and  (3.26)). 


Tubes  Inclined  to  the  Flow 

When  a  pitot  tube  is  inclined  to  the  flow,  the  total  pressure  begins  to 
decrease  at  some  angle  of  inclination.  The  angular  range  through  which  the  tu. 
measures  total  pressure  correctly  is  called  the  range  of  insansitivity  to 
inclination.  In  this  text,  the  range  of  insensitivity  is  defined  as  the  angul 
range  through  which  the  total-pressure  error  remains  within  1  percent  of  the 
intact  pressure.  For  a  criterion  based  on  a  smaller  total-pressure  error,  the 
range  of  insensitivity  would,  of  course,  be  smaller  than  that  quoted  for  the 
tubes  to  be  described  in  this  chapter. 

The  configurations  of  the  total -pressure  tubes  to  be  described  are  of  two 
general  types;  simple  pitot  tubes  and  pitot  tubes  enclosed  in  a  cylindrical 
shield.  For  the  simple  pitot  tubes,  the  range  of  insensitivity  is  shown  to 
depend  for  the  most  part  on  the  shape  of  the  nose  section  of  the  tube  and  on 
the  size  of  the  impact  opening  relative  to  the  frontal  area  of  the  tube. 

Early  designers  favored  tubes  with  hemispherical  nose  shapes  and  small 
impact  openings.  An  ex  unple  of  the  use  of  small-bore,  round-nosed  tubes  was 
the  pitot-static  tube  designed  by  the  German  physicist,  Ludwig  Prandtl.  The 
pitot  part  of  this  tube  (fig.  6.5)  was  very  sensitive  to  inclination,  for  the 
range  of  insensitivity  was  only  ±5°  (ref.  1) .  Of  interest  here  is  the  fact  th 
the  sensitivity  of  the  pitot  tube  to  inclination  was  considered  to  be  of  littl- 
concern,  because  the  static-pressure  portion  of  the  tube  was  equally  sensitive 
to  inclination  in  a  conpensating  manner.  As  a  result,  the  impact  pressure  mea¬ 
sured  by  the  tube  remained  unaffected  by  inclination  through  an  angular  range 
about  ±12°.  As  discussed  in  this  chapter  and  in  chapter  VI,  later  designers 
have  tried  to  reduce  the  sensitivity  to  inclination  of  both  total-  and  static- 
pressure  tubes. 
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In  an  investigation  of  a  number  of  pitot-static  tubes  in  1935  (ref.  2) , 
tests  of  pitot  tubes  having  cylindrical  nose  shapes  disclosed  a  significant 
design  feature,  namely,  that  the  range  of  insensitivity  could  be  increased  by 
increasing  the  size  of  the  pitot  opening.  An  extrapolation  of  test  results 
indicated  that  maximum  insensitivity  to  inclination  should  be  achieved  with  a 
thin-wall  tube. 

In  another  investigation  in  1935,  G.  Kiel,  a  German  aerodynamic ist,  showed 
in  reference  3  that  the  range  of  insensitivity  could  be  extended  considerably  by 
placing  the  pitot  tube  inside  a  venturi-like  shield,  as  shown  in  figure  4.3.  In 
tests  of  this  tube  at  low  speeds,  the  range  of  insensitivity  was  found  to  be 
±43®.  Later  tests  of  the  tube  in  a  NASA  wind  tunnel  confirmed  this  range  of 
insensitivity,  but  showed  that  the  tube  could  not  be  used  at  Mach  numbers 
greater  than  0.6  because  of  excessive  vibrations  caused  by  the  airflow  around 
the  mounting  strut. 

The  errors  of  simple  tubes  due  to  inclination  can  be  avoided  by  equipping 
the  tube  with  a  pivoc  and  vanes  to  align  the  tube  with  the  airstream  (fig.  4.3). 
While  swiveling  tubes  satisfactory  for  flight-test  work  at  subsonic  speeds, 
they  are  impractical  for  service  use  on  operational  aircraft. 

In  an  effort  to  devise  fixed  (as  opposed  to  swiveling)  total -pressure  tubes 
that  would  be  insensitive  to  inclination  and  suitctble  for  use  on  both  opera¬ 
tional  cuid  flight-test  aircraft,  the  NACA  conducted  a  series  of  wind-tunnel 
tests  on  a  variety  of  tube  designs  from  1951  to  1954  (refs.  4  through  9) .  The 
tests  were  conducted  in  five  wind  tunnels  at  Mach  numJoers  ranging  from  0.26  to 
2.40  and  at  angles  of  inclination  up  to  67®.  Diagrams  of  the  tube  config\i,ra- 
tions  that  were  investigated  are  presented  in  figure  4.4.  As  indicated  by  the 
six  series  of  tube  designs,  the  configurations  included  shielded  tubes  based  on 
the  Kiel  design  and  simple  tubes  with  cylindrical,  conical,  and  ogival  nose 
shapes.  For  the  simple  tubes,  the  principal  design  variables,  aside  from  the 
nose  shape,  were  the  shape  of  the  entry  to  the  impact  opening  (cylindrical, 
hemispherical,  and  conical)  and  the  relative  size  of  the  impact  opening  on  the 
face  of  the  tube.  The  shielded  tubes  were  all  designed  with  vent  tholes  along 
the  aft  portion  of  the  tube  to  allow  mounting  at  the  end  of  a  horijontal  boom. 
The  variables  tested  with  the  shielded  tubes  included  (1)  the  shape  of  the  entry 
to  the  throat  (conical  and  curved),  (2)  the  relative  size  of  the  throat  (D2/D) , 

(3)  the  position  of  the  pitot  tube  from  the  face  of  the  shield  (a/D) ,  and 

(4)  the  area  of  the  vents  with  respect  tc  the  frontal  area  of  the  shield 

(A^/Aq) . 

The  results  of  the  tests  of  a  few  of  the  tubes  have  been  selected  for  this 
text  to  show  the  effects  of  some  of  the  more  significant  design  features.  An 
assessment  of  all  of  the  design  variables  is  given  in  the  sunmary  report  of  the 
investigation  in  reference  9. 

In  the  presentation  of  the  results  in  the  figures  to  follow,  the  angle  of 
inclination  of  the  tube  is  the  angle  in  the  vertical  plane  (angle  of  attack) . 

For  symmetrical  tubes,  the  variation  of  the  total-  essure  error  is  the  same  in 
the  horizontal  plane  (angle  of  yaw).  For  unsyimnetrical  tubes  A-6,  Ag-10,  Ag-11, 
E-3,  and  E-4  of  figure  4.4,  however,  the  error  variation  at  angles  of  attack  and 
angles  of  yaw  are  different. 
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The  affect  of  varying  the  size  of  the  iaqpact  opening  with  icspect  to  the 
frontal  area  of  cylindrical  tubes  is  shown  by  a  congiarison  of  the  test  results 
of  tubes  A-1  and  A-2  at  a  Mach  number  of  0.26  (fig.  4.5).  For  the  small-bore 
tube,  the  range  of  insensitivity  is  ±11°,  while  for  the  thin-wall  tube,  it 
is  ±23°.  These  results  confirm  the  data  from  reference  2  in  showing  the  lange 
of  incsnsitivity  to  increase  with  an  increase  in  the  size  of  the  intact  opening . 

The  test  data  on  figure  4.6(a)  show  the  effect  of  cutting  the  nose  of  the 
thin-wall  tube  at  a  slant  angle  of  10°..  The  range  of  insensitivity  is  increased 

(from  the  ±23°  value  for  the  thin-wall  tube)  to  32°  at  positive  angles  of  attack 

but  decreased  to  13°  at  negative  angles.  The  effect  of  the  10°  slant  profile, 
therefore,  is  singly  to  shift  the  curve  of  figure  4.5(b)  10°  along  the  angle-of- 
attack  axis.  At  angles  of  yaw,  the  range  of  insensitivity  is  ±23°,  the  same  as 
that  for  the  thin-wall  tube.  For  some  applications,  the  use  of  a  slant-profile 
tube  could  be  advantageous,  since  the  angle-of-attack  range  through  which  an 
aircraft  operates  is  greater  at  positive  angles  than  at  negative. 

The  effect  of  changing  the  shape  of  the  internal  entry  of  cylindrical  tubes 
can  be  shown  from  a  con^arison  of  the  test  data  of  tubes  A-2,  A-5,  and  A-7 
through  A-11.  Changing  the  entry  from  a  cylindrical  shape  (tube  A-2)  to  a 
hemispherical  shape  (tube  A-5)  increased  the  range  of  insensitivity  by  about  3°. 

A  change  to  a  50°  conical  entry  (tube  A-11)  showed  no  iiqprovement  over  the  value 

for  the  cylindrical  entry.  By  decreasing  the  internal  cone  angle  to  30°,  how¬ 
ever,  the  range  of  insensitivity  increased  to  a  vjilue  of  i27°  (tube  A-9  in 
fig,  4.6(b)).  Decreasing  the  cone  angle  to  20°  (tube  A-8)  and  to  10°  (tube  A-7) 
produced  no  further  extension  in  the  range  of  insensitivity. 

The  27°  range  of  insensitivity  for  the  tube  with  the  30°  conical  entry 
is  5°  lower  than  that  for  the  thin-wall,  slant-profile  tube  at  positive  angles 
of  attack.  However,  because  of  the  relative  fragility  of  the  slant-profile 
tube  and  the  lack  of  space  for  the  installation  of  a  deicing  heating  element, 
the  tube  with  the  30°  conical  ent»;/  would  be  a  more  practical  tube  for  service 
operations. 

Some  effects  of  the  external  nose  shape  on  the  range  of  insensitivity  can 
be  shown  from  a  con^arison  of  the  data  for  the  tubes  having  conical  and  ogival 
nose  sections.  For  the  tube  with  a  15°  conical  nose  (tube  B-1),  the  range  of 
insensitivity  is  ±21^  (fig.  4.7(a));  for  the  30°  nose  (tube  C-1) ,  the  range  is 
±17.5°;  and  for  the  45°  nose  (tube  D-1),  it  is  ±14°. 

The  ogival-nose  tube  in  figure  4.7(b)  is  a  service-type  tube  which,  in  the 
production  model,  had  a  small  wall  thickness  at  the  impact  opening.  To  make 
the  pitot  configuration  of  this  tube  con^arable  with  that  of  tubes  B-l,  C-1, 
and  0-1,  the  impact  opening  was  reamed  to  a  sharp  leading  edge.  As  shown  in 
figure  4.7(b),  the  range  of  insensitivity  of  this  modified  tube  was  ±16°,  which 
is  about  midway  between  that  for  the  30°  emd  45°  conical-nose  tubes. 

The  test  data  for  a  Kiel-type  shielded  tube  having  a  vent  area  equal  to  th 
frontal  area  of  the  shield  are  shown  on  figure  4.8(a).  The  range  of  insensi¬ 
tivity  of  this  tube  is  ±41°,  which  is  very  nearly  the  same  as  that  for  the 
original  Kiel  design.  These  tests  are  significant,  therefore,  in  showing  that 
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a  shielded  tube  can  be  vented  along  the  walls  of  the  shield,  as  opposed  to  the 
straight-through  venting  of  the  Kiel  shield,  without  loss  in  performance. 

The  test  data  presented  thus  far  were  all  obtained  at  a  Mach  number  of 
0.26.  When  tubes  A-2,  A-6,  A-9,  and  B-1  (figs.  4.5,  4.6,  and  4.7)  were  tested 
at  M  =  1.62,  the  range  of  insensitivity  was  greater  than  that  at  M  =  0.26  by 
as  much  as  4®  to  10®.  In  contrast,  the  range  of  insensitivity  of  shielded 
tube  As-3  (fig.  4.8(a))  was  lower  at  M  =  1.62  by  about  3®. 

In  tests  of  the  shielded  tubes  with  the  o.  rved  entries,  the  entry  with  the 
highest' degree  of  curvature  (tube  Ag-12)  provided  the  greatest  r2mge  of  insensi¬ 
tivity.  At  M  =  0.26,  for  example,  the  range  was  ±63®  (fig.  4.8(b)).  With 
increasing  Mach  number,  the  range  of  insensitivity  decreased  to  about  58°  at 
M  =  l.C  and  to  about  40°  at  M  =  1.61  (fig.  4.9).  Despite  this  loss  in  per¬ 
formance  with  increasing  Mach  number,  however,  the  range  of  insensitivity  of 
this  shielded  tube  is  still  greater  than  that  of  any  of  the  simple  tubes  at  both 
subsonic  and  supersonic  speeds. 

In  the  foregoing  discussion,  only  the  aerodynaunic  aspects  of  the  design  of 
pitot  tubes  have  been  considered.  For  a  tube  intended  for  operational  use,  the 
nose  configuration  would  have  to  allow  for  the  installation  of  an  electric 
heating  element  for  deicing  and  drain  holes  for  the  removal  of  any  water  that 
may  be  ingested.  In  at  least  two  cases,  pitot  configurations  examined  in  the 
NASA  investigation  have  been  successfully  incorporated  in  the  design  of  service- 
type  pitot  and  pitot-static  tubes;  the  configuration  of  tube  A-9  is  incorporated 
in  the  pitot  tube  shown  in  figure  4.10  and  the  configuration  of  tube  B-4  is 
incorporated  in  the  pitot- static  t'::be  described  in  reference  10  and  shown  in 
figure  6.14. 
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Figure  4.4.-  Continued. 
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(a)  Series  C  -  30°  conical  nose. 


Figure  4.4.-  Continued. 
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Figure  4.4.-  Continued. 

(b)  Thin-wall  cylindrical  tube. 

Figure  4.5.-  Variation  of  total-pressure  error  with  angle  of  attack  for 
cylindrical  tubes  with  different  size  iiapact  openings.  M  =  0.26. 
(Adapted  from  ref.  4.) 
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Angle  of  accack,  deg 


(b)  Cylindrical  tube  with  30°  conical  entry. 

Figure  4.6.-  Variation  of  total-pressure  error  with  angle  of  attack  for 
cylindrical  tubes  with  impact  openings  of  different  shapes.  M  =  0.2 
(Adapted  from  ref.  4.) 
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Angle  of  attack,  deg 
(a)  15**  conical-nose  tube. 


Angle  of  attack,  deg 
(b)  Ogival-nose  tube. 

Figure  4.7.-  Variation  of  total-pressure  error  with  angle  of  attack 
for  tubes  having  conical-  and  ogival-nose  shapes.  M  =  0.26. 
(Adapted  from  ref.  4.) 
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I'iguro  4,9,-  Variation  of  range  of  insensitivity  with  Mach  number 
for  shielded  tube  A„-12.  (Adapted  from  ref.  8.) 


CHAPTER  V 


STATIC-PRESSURE  MEASUREMENT 

For  a  steady  flow  condition,  the  flow  of  the  air  over  a  body  creates  a 
~~pressore''f laid ~in-%»hich -the  static  pressures  v^tfy  froe  point  to  . point,  while 
the  total  pressure  at  all  points  renains  the  same.  For  this  reason,  the 
Pieasuresttnt  of  free-s'cream  static  pressure  on  an  aircraft  is  much  more  compli¬ 
cated  than  the  measureaient  of  free-stream  total  pressure.  The  pressure  field 
created  by  the  airflow  may  change  with  the  configuration  of  the  aircraft  and 
with  Mach  number  and  angle  of  attack.  For  a  given  aircraft  configuration, 
therefore,  the  problem  of  designing  a  static-pressure-measuring  system  is  pri¬ 
marily  one  of  finding  a  location  where  the  static-pressure  error  varies  by  the 
least  amount  throughout  the  operating  range  of  the  aircraft. 

The  variation  of  the  pressures  in  the  flow  field  can  be  described  by 
Bernoulli's  equation  for  the  total  pressure  p^  in  incompressible  flow: 

Pt  *  Pj  +  j  *  Constant  (5.1) 

where  P|  is  the  local  static  pressure  amd  is  the  local  flow  velocity. 

This  equation  states  that  the  total  pressure  remains  constant  (at  t!ie  free- 
stream  value)  at  all  points  along  lines  of  flow,  whereas  the  local  static  pres¬ 
sure  varies  inversely  with  the  square  of  the  local  velocity. 

The  variation  of  local  static  pressure  expressed  by  equation  (5.1)  is 
illustrated  by  the  diagram  of  the  flow  around  a  fuselagelike  body  in  figure  5.1. 
The  five  lines  of  flow  (streamlines)  shown  in  this  figure  represent  the  paths 
of  the  individual  particles  of  the  air.  At  a  great  distance  ahead  of  the  body, 
the  streamlines  are  parallel  and  the  total  pressure  p^,  static  presfnire  p, 
and  velocity  of  the  particles  V  on  each  of  the  streaodines  are  the  free-stream 
values.  As  the  air  particles  move  closer  to  the  body,  the  streamlines  begin  to 
diverge  and  the  velocities  of  the  particles  begin  to  increase  as  the  air  flows 
past  the  body.  At  some  considerable  distance  behind  the  body,  the  streamlines 
return  to  parallel  flow  and  the  pressures  and  velocities  return  to  their  free- 
stream  values. 

Relative  magnitudes  of  the  local  pressure  and  the  local  velocity  at  three 
points  near  the  nose  of  the  body  are  also  shown  in  figure  5.1.  At  a  position 
just  aft  of  the  nose,  the  local  velocity  is  higher  than  the  free-stream  velocity 
and  the  local  static  pressure  is  lower  than  the  free-stream  static  pressure. 

At  a  position  directly  ahead  of  the  nose,  the  local  velocity  is  lower  than  the 
stream  velocity,  so  that  the  local  static  pressure  is  higher  than  the  stream 
value.  At  a  point  on  the  leading  edge  of  the  nose,  where  the  air  particles 
come  to  a  stop,  the  local  static  pressure  is  equal  to  the  free-stream  total 
pressure . 
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The  flow  pattern,  or  field,  shown  in  figure  5.1  applies  to  incoiq>ressible 
flow  or  to  coe^ressible  flow  at  very  low  speeds.  For  higher  speeds  in  com¬ 
pressible  flow,  the  flow  field  changes  aarlcedly,  particularly  at  transonic  and 
supersonic  speeds. 

In  the  subsonic  speed  range,  the  flow  field  extends  in  all  directions  from 
the  aircraft.  The  difference  between  the  local  static  pressure  and  the  free- 
— stream  .static- pressure  is  greatest  in  the  vicinity  of- the  aircraft  and  decreases 
with  distance  from  it.  In  the  transonic  speed  range,  the  flow  field  is  altered 
by  shock  waves  that  form  along  the  lines  of  maxiinum  curvature  of  the  fuselage, 
wings,  and  tail  surfaces.  At  supersonic  speeds,  the  flow  field  is  confined  to 
the  regions  behind  the  shock  wave  that  forms  ahead  of  the  nose  of  the  fuselage 
(fuselage  bow  shock) .  As  discussed  in  the  next  two  chapters,  the  changes  in 
the  characteristics  of  the  flow  fields  in  the  three  speed  ranges  can  produce 
large  variations  in  the  pressures  measured  by  a  static-pressure  installation. 

An  orifice  on  a  surface  oriented  parallel  to  the  airstream  has  been  uni¬ 
versally  used  to  measure  static  pressure  on  aircraft.  The  orifice  may  be 
located  on  the  surface  of  the  fuselage  cr  on  a  static-pressure  tube  attached  to 
some  part  of  the  aircraft.  For  fuselage-vent  installations,  the  orifices  are 
usually  installed  in  pairs  (one  on  each  side  of  the  fuselage)  and  are  generally 
located  some  distance  aft  of  the  nose  of  t.ie  fuselage.  With  the  static-pressure 
tube,  the  orifices  are  ordinarily  located  well  aft  of  the  nose  of  the  tube  and 
may  either  encircle  the  tube  or  be  oriented  in  unsynnetrical  arrangements 
described  in  the  next  cluster.  On  some  early  static-pressure  tubes,  the  orifices 
were  in  the  form  of  rectangular  slots;  on  present-day  tubes,  the  orifices  are 
circular. 

bike  the  total-pressure  tubes  described  in  the  last  chapter,  the  static- 
pressure  tubes  are  designed  with  either  a  transverse  strut  for  attachment  to 
some  part  of  the  aircraft  structure  or  with  end  fittings  for  mounting  on  a 
horizontal  boom.  Since  the  diameter  of  the  boom  is  generally  larger  than  that 
of  the  tube,  the  aft  end  of  the  tube  Is  enlarged  to  form  a  collar  of  the  same 
diameter  as  the  boom.  As  shown  in  the  next  chapter,  the  mounting  struts  and 
the  collars  of  the  tidses  can  have  a  marked  influence  on  the  pressures  measured 
by  the  tubes.  The  tubes  with  strut  supports  have  generally  been  attached  either 
to  the  underside  of  the  wing  or,  in  pairs,  to  the  sides  of  the  fuselage.  The 
tubes  designed  for  end-mounting  on  booms  have  been  installed  on  the  nose  of  the 
fuselage,  the  outboard  section  of  the  wing,  and  the  tip  of  the  vertical  fin. 
Exaiq>les  of  service-type  pitot-static  tubes  designed  for  end-mounting  and  strut¬ 
mounting  are  shown  in  figure  5.2. 

A  diagram  showing  four  types  of  static-pressure-measuring  installations 
(static-pressure  tubes  cdiead  of  the  fuselage  nose,  wing  tip,  and  vertical  fin 
emd  fuselage  vents  on  the  side  of  the  fuselage)  is  presented  in  figure  5.3. 

Also  shown  are  the  local  static  pressures  and  the  measured  static  pres¬ 

sures  p'  at  t.«  four  pressure  sensors.  For  each  installation,  the  difference 
between  the  measured  pressure  and  the  free-stream  static  pressure  p  is  defined 
by  equation  (2.2) : 

Ap  =  P*  -  P  (2.2) 
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Ap  is  the  static-pressure  error  of  the  installation,  or  installation 
error;  this  error  is  also  called  the  position  error  because  the  oiagnitude  of 
the  static-pressure  error  depends  priaarily  on  the  position  of  the  pressure 
sensor  in  the  flow  field  of  the  aircraft. 


For  the  fuselage-vent  installation,  the  measured  static  pressure  is 
essentially  the  same  as  the  local  static  pressure  at  the  vents.  With  the 
static-pressure- tube  installations,  on  the  other  hand,  the  local  static  pressure 
'is^altered  by' the~presence~of  the  tube,~ because  the  tube  creates  a  saall  flow 
field  of  its  own.  Since  the  flow  of  the  air  causes  the  pressures  along  the  tube 
to  vary  in  a  manner  similar  to  that  described  for  flow  about  the  aircraft,  some 
part  of  the  position  error  of  a  static-pressure-tube  installation  is  due  to  the 
configuration  of  the  tube  (size,  shape,  and  location  of  the  orifices). 

The  errors  of  a  static-pressure  tube  vary  primarily  with  Mach  number  and 
angle  of  attack,  «diile  the  position  errors  of  a  static-pressure  installation 
vary  primarily  with  Mach  number  and  lift  coefficient  (a  function  of  angle  of 
attack) .  The  errors  of  a  static-pressure  tube  are  determined  by  wind-tunnel 
tests,  whereas  the  position  errors  of  a  static-pressure  installation  are  deter¬ 
mined  by  flight  calibrations. 

In  steady,  level  flight,  the  lift  coefficient  is  normally  a  linear 

function  of  angle  of  attack  at  speeds  above  the  stall.  For  this  condition, 
is  defined  by  the  following  equation: 
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where  W  is  the  weight  of  the  aircraft,  S  the  area  of  the  wing,  and  q  .  the 
dynamic  pressure.  Values  of  q  can  be  determined  from  measured  values  of  the 
iag>act  pressure  q^  and  the  static  pressure  p  and  the  following  equation 
derived  from  equations  (3.10)  and  (3.22): 
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where  H  is  determined  from  the  ratio  q^p  as  discussed  in  chapter  III. 

In  wind-tunnel  calibrations  of  static-pressure  tubes  and  flight  calibra¬ 
tions  of  static-pressure  installations,  the  static-pressure  errors  are  usually 
presented  as  fractions  of  the  static  pressure,  Ap/p,  or  as  fractions  of  the 
ia^ct  pressure,  Ap/q^.  For  calibrations  at  high  Mach  numbers,  the  static- 
pressure  error  is  often  converted  to  an  error  in  Mach  number  Am  and  expressed 
as  a  fraction  of  the  Mach  number,  ^/M.  In  this  text,  the  static-pressure 
errors  for  all  of  the  wind-tunnel  and  flight  calibrations  are  presented  in 
terms  of  Ap/q^.  For  a  comparison  of  a  position  error  calibration  in  terms  of 
Ap/q^,  Ap/p,  and  AH/M,  see  figure  7.23. 


Values  of  Ap/q^  .>n  be  converted  to  values  of  Ap/p  by  means  of  the 
q^/p  values  given  in  table  A26  of  appendix  A.  A  graph  showing  the  relation 
of  Ap/p  to  Ap/q^  for  Mach  numbers  up  to  2.0  is  presented  in  figure  5.4. 


for  M  B  1.  A  graph  of  the  relation  between  Ap/p  and  AM/M  and  between 
Ap/q^  and  AM/M  for  Mach  numbers  up  to  5.0  is  presented  in  figure  5.5. 

The  altitude  error  AH.  airspeed  error  AV,.,  wd  Mach  number  error  AM 
that  are  associated  with  the  position  error  Ap  are  defined  by  the  following 
equations : 

AH  =  H'  -  H  (5.8) 

idiere  H'  is  the  indicated  altitude  and  H  is  the  pressure  altitude, 

AV_  =  V.  -  (5.9) 

C  X  c 

where  is  the  indicated  airspeed  and  is  the  calibrated  airspeed, 

AM  =  M*  -  M  (5.10) 

where  M'  is  the  indicated  Mach  number  and  M  is  the  free-stream  Mach  number. 
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To  provide  an  indication  of  the  errors  in  airspeed  and  altitude  that 
result  from  a  given  static-pressure  error,  the  altitude  errors  AH  and  the 
air^eed  errors  AV^  corresponding  to  a  static-pressure  error  equal  to  1  per¬ 
cent  of  the  impact  pressure  (Ap/q^  »  0.01)  are  presented  in  figure  5.6  for  Mach 
ntnnbers  to  1.0  and  altitudes  up  to  40  000  ft.  The  altitude  errors  corre¬ 
sponding  to  an  error  of  1  percent  of  the  static  pressure  (Ap/p  0.01)  are  pre¬ 
sented  in  figure  S.7  for  altitudes  up  to  50  000  ft,  and  the  altitude  errors 
corresponding  to  an  error  of  1  percent  of  the  Mach  number  (AM/m  -  0.01)  are 
presentad-im-figBre  5.8  for-Mach  niasbers-up-to-l.O  and  altitudes  up  to 
40  000  ft.  For  positive  static-pressure  errors  (Ap/q^  or  Ap/p) ,  the  signs 
of  iMth  Ah  and  AV^  are  negative;  for  positive  values  of  AM/M,  the  signs 
of  Ah  and  Av^  are  positive. 

In  appendix  B,  sasple  calculations  are  given  for  the  determination  of  AH, 
AVq,  and  AM  frcai  a  given  value  of  Ap  and  the  indicated  altitude  H* ,  the 
indicated  airspeed  and  the  indicated  Mach  number  M* . 


Reference 

1.  Zalovcilc,  John  A. :  A  Radar  Method  of  Calibrating  Airspeed  Installations  on 
Airplanes  is  Maneuvers  at  High  Altitudes  and  at  Transonic  and  Supersonic 
Speeds.  (OCA  Rep.  985,  1950.  (Supersedes  NACA  TN  1979.) 
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Kiouro  5.1.-  Diagram  showing  local  pressures  and  velocities  in  vicinity  of  fuselage 
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Examples  of  service-type  pitot-static  tubes. 
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Figure  S.3.-  Diagram  showing  various  t/pes  of  installations  for  the  ! 
measurement  of  static  pressure  on  an  aircraft. 


2_n 


0  1  2  3  4  5 
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Figure  5.5.-  The  relation  between  Ap/p  and  AM/M  and  between  Ap/q^ 
and  AM/M.  (Adapted  from  ref.  1.) 
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Mach  number 

(a)  AH  corresponding  to  Ap/q^  =  0.01. 


Mach  number 


(b)  AV^  corresponding  to  Ap/q^.  =  0.01. 

Figure  5.6.-  Altitude  e-rors  AH  and  airspeed  errors  AV^  corresponding  to 
a  static-pressure  er  jr  of  1  percent  of  impact  pressure  (Ap/q^  =  0.01). 
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CHAPTER  VI 


STATIC-PRESSURE  TUBES 

As  discussed  in  the  previous  chapter,  j^e_£jLowj>£  the  air  past  a  static- 
prVssure  tube^uses  the  pressures  along  the  surface  o£  the  tube  to  vary  from 
one  point  to  another.  These  variations  in  static  pressure  can  be  described  in 
terns  o£  pressure  distributxo^^  along  the  tube  (when  the  tube  is  aligned  with 
the  flow)  and  pressure  distributions  around  the  tube  (when  the  tube  is  inclined 
to  the  flow) . 

The  difference  between  the  pressure  sensed  by  the  orifices  and  the  free- 
3tre^UD  static  pressure  is  the  static-pressure  error  of  the  tube,  sometimes 
caxled  the  error  of  the  isolated  tube.  In  the  following  sections,  the  errors 
of  tubes  aligned  with  the  flow  are  considered  separately  from  the  errors  of 
tubes  inclined  to  the  flow.  At  the  end  of  the  chapter,  data  are  presented  on 
the  effects  of  orifice  size  and  shape  on  the  pressure  sensed  by  the  tube. 


Tubes  Aligned  With  the  Flow 


Theoretical  pressure  distributions  along  cylindrical  bodies  (fig.  6.1,  from 
ref.  1)  are  useful  in  understanding  the  problem  of  iocati.ng  orifices  along  a 
static-pressure  tube.  For  both  the  subsonic  and  supersonic  flow  conditions 
shown  in  the  figure,  the  static-pressure  errors  are  negative  at  a  station  just 
beyond  1  tube  diameter  from  the  nose  of  the  tube.  The  pressures  at  this  point 
on  the  tube  are,  tlierefore,  below  the  free-stream  pressure.  With  increasing 
distance  from  the  nose,  the  pressures  approach  the  free-stream  pressure  and 
should  reach  that  value  at  a  distance  of  about  5  tube  diameters  in  subsonic  flow 
and  about  8  tube  dicuneters  in  supersonic  flow. 

In  using  the  theoretical  data  to  design  a  tube  to  measure  free-stream 
presstire,  many  designers  place  the  orifices  a  greater  distance  from  the  nose 
than  that  indicated  by  the  theoretical  distributions.  A  typical  example  is  the 
10-diameter  location  on  the  tube  in  figure  6.2.  As  shown  by  the  calibration 
data,  the  static-pressure  error  is  near  zero  throughout  nest  of  the  subsonic 
speed  range. 


In  the  subsonic  speed  range,  the  pressure  at  t.he  orifices  ca.n  be  influenced 
by  the  presence  of  a  strut  or  collar  downstream  from  the  orifices.  The  effect 
of  a  strut  is  illustrated  by  figure  6.3  which  shows  the  pressure  dtstributi' 
for  incompressible,  two-dimensional  flow  ahead  of  a  body  of  infinite  lenctn 
transverse  to  the  flow.  For  application  to  pressure  measurements  with  a  ctatit- 
pressure  tube,  this  body  ca;,  be  considered  to  represent  the  support  strut  of  a 
tube.  The  curve  on  this  figure  shows  that  the  pressure  errors  ahead  of  tr.o 
strut  are  positive  (measured  pressures  above  free-stream  pressure)  and  -hat 
diminish  toward  the  free-stream  value  with  increasing  distance  from  tne  strut. 
This  effect  of  a  strut  or  other  body  in  creating  a  positive  pr*-soure  field 
upstream  from  the  body  is  called  the  blocki.ng  effect. 


Wind-tunnel  tests  o£  the  blocking  effect  of  a  strut  at  a  number  of  dis¬ 
tances  behind  a  set  of  static-pressure  orifices  were  reported  in  reference  2. 

The  results  of  the  tests  (fig.  6.4)  confirm  the  theoretical  variation  by  showing 
the  errors  to  be  greatest  for  the  shortest  strut  position  (x/t  -  3.6)  and  least 
for  the  longest  (x/t  =*  10.5).  The  rise  in  the  errors  at  Mach  numbers  above  0.5 
shows  that  the  blocking  effect  increases  in  the  upper  subsonic  speed  range. 

_ Early.designera.of. static-pressure  tubes  favored  short  tubes  for  strut- 

Btounting,  because  the  blocking  effect  of  the  strut  could  be  used  to  balance  the 
negative  errors  incurred  by  locating  the  orifices  near  the  nose  of  the  tube. 

The  outstanding  exai^ile  of  this  design  concept  was  the  Prandtl  pitot-static 
tube  (fig.  6.5)  on  which  the  orifices  were  located  3  tube  diameters  aft  of  the 
nose  and  10  strut  thicknesses  ahead  of  the  strut.  This  tube,  and  variations  of 
the  original  design,  has  been  the  sxibject  of  many  wind-tunnel  investigations 
(refs.  3,  4,  and  5,  for  example).  In  the  most  extensive  of  these  tests  (ref.  5), 
the  error  was  essentially  zero  in  the  Mach  range  up  to  0.5  (fig.  6.5),  but 
increased  at  higher  Mach  numbers  in  the  same  manner  as  the  errors  of  the  tubes 
in  figure  6.4. 

In  contrast  to  early  tubes  designed  for  strut-mounting,  later  tubes  were 
designed  for  end-mounting  on  horizontal  booms.  These  designs  permitted  the  use 
of  longer  tubes  on  which  the  orifices  could  be  located  a  greater  distance  from 
the  nose.  In  addition,  the  collars  at  the  rear  of  the  tube  could  be  so  located 
that  the  blocking  effect  would  be  smaller  than  that  of  a  strut.  Thus,  the 
positive  and  negative  pressure  errors  at  the  orifices  could  both  be  made  smaller 
than  those  of  the  strut-mounted  tubes. 

The  blocking  effect  of  a  collar  on  the  pressures  at  orifices  at  three  loca¬ 
tions  ahead  of  a  collar  was  investigated  in  the  tests  of  reference  2.  The 
results  of  the  tests  (fig.  6.6}  show  that  even  for  orifrccs  located  as  close  to 
the  collar  as  1.8  collar  diameters,  the  errors  are  relatively  small  (1.5  percent 
q^)  and  essentially  constant  for  Mach  numbers  up  to  0.8. 

A  number  of  service-type  tubes  have  been  designed  for  end-mounting  on 
booms.  On  one  of  the  most  widely  used  of  these  tubes  (fig.  6.7),  the  orifices 
are  located  5.5  tube  diameters  from  the  nose  and  2.8  collar  diameters  ahead  of 
the  collar.  As  shown  by  figure  6.7,  the  static-pressure  error  of  this  tube  is 
constant  at  about  0.5  percent  up  to  a  Mach  number  of  about  0.9. 

Another  end-mounted  tube,  designed  for  use  on  high-speed  research  aircraft, 
has  the  orifices  located  9.1  cube  diameters  behind  the  nose  and  5.3  collar  dia.ti- 
eters  ahead  of  the  collar.  The  calibration  of  this  tube  (fig.  6.8,  from  ref.  6) 
at  both  subsonic  and  supersonic  speeds  shows  an  error  of  1  percent  q,.  at 
•M  =  0.6,  a  sharp  rise  in  error  at  ^■lach  numbers  around  0.9,  and  an  abrupt 
decrease  to  errors  near  zero  at  a  liach  number  just  beyond  1.0.  The  abrupt  fall 
of  the  error  is  duo  to  the  passage  over  t.he  orifices  of  a  shock  wave  that  forms 
ahead  of  the  collar  when  the  flow  reaches  sonic  speed.  A  similar  decroaso  in 
static-pressure  error  at  low  supersonic  speeds  is  oxperier  ith  fusel 

installations,  as  is  discussed  in  some  detail  in  t.he  .next 
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Tubes  Inclined  to  the  Flow 


The  pressures  sensed  by  a  static-pressure  tube  inclined  to  the  flow  depends 
not  only  on  the  location  of  the  orifices  along  the  tube  but  also  on  their  spac¬ 
ing  around  the  tube.  When  the  orifices  encircle  the  tube,  the  measured  pressure 
decreases  as  the  tube  is  inclined,  and  the  static-pressure  error  reaches  a  value 
of  -1  percent  at  angles  of  attack  and  yaw  of  about  S° . 


The  range  of  insensitivity  of  a  tube  at  positive  angles  of  attack  can  be 
extended  by  spacing  the  orifices  around  the  tube  in  one  of  two  unsynmetrical 
arrangements.  The  selection  of  the  proper  spacing  can  be  illustrated  by  the 
pressure  distribution  around  a  circular  cylinder  at  an  angle  of  attack  of  4S*^ 
and  a  Mach  number  of  0.2  (fig.  6.9,  from  ref.  7).  This  distribution  shows  the 
static-pressure  error  to  be  positive  at  the  bottom  of  the  tube  (>>  =  0®) ,  nega¬ 
tive  on  the  top  »  180®) ,  and  zero  at  radial  stations  of  about  35®.  These 
data  suggest  that  a  tube  could  be  made  less  sensitive  to  inclination  at  positive 
angles  of  attack  by  (1)  locating  two  orifices  approximately  ±35®  from  the  bottom 
of  the  tube  or  (2)  locating  a  number  of  orifices  oi.  the  top  and  bottom  of  the 
tube  to  achieve  a  balance  of  the  positive  and  negative  pressures  in  these 
regions.  Since  the  pressure  distribution,  and  thus  the  radial  position  for 
zero  pressxire  error,  varies  with  angle  of  attack  and  Mach  number,  null-type 
(dual  orifice)  tubes  have  been  designed  with  a  number  of  orifice  stations  (±30® 
to  ±41.5®)  in  an  attempt  to  produce  a  configuration  that  would  be  satisfactory 
through  a  range  of  angles  of  attack  and  Mach  numbers. 

In  tests  of  a  tube  with  orifices  at  the  ±30®  station  (ref.  8),  the  range  of 
insensitivity  at  positive  angles  of  attack  was  found  to  be  20®  at  M  =  0.3  and 
about  9®  at  M  =  0.65  (fig.  6.10).  Mote  that  for  the  static-pressure  tubes, 
the  range  of  insensitivity  is  define<i  the  angular  range  through  which  the 
static-pressure  error  remains  withr  .  ^«rcent  of  its  value  at  an  angle  of 
attack  of  0®.  This  definition  is  d.  nt  from  that  given  for  the  total- 
pressure  tubes  because  the  errors  of  st.a tic-pressure  tubes  at  an  angle  of  attack 
of  0®  are  usually  not  zero.  However,  whenever  corrections  are  applied  for  the 
errors  of  static-pressure- tube  installations  at  or  near  an  angle  of  attack 
of  0®,  the  definition  of  the  range  of  insensitivity  for  static-pressure  tubes 
becomes  the  same  as  that  for  the  total-pressure  tubes,  namely,  the  range  through 
which  the  error  remains  within  1  percent  q^. 

In  an  investigation  to  determine  the  errors  at  a  number  of  orifice  stations 
(ref.  9),  a  cylindrical  tube  was  tested  with  orifices  located  at  the  :30°, 

±36®,  ±37.5®,  and  ±40®  stations.  The  tests  were  conducted  with  the  tube  at  an 
angle  of  attack  of  12®  through  a  Mach  range  f.om  0.4  to  1.2.  The  results  of 
the  tests  (fig.  6.11)  show  the  errors  to  be  positive  at  the  ±30°,  ±33®,  and  ±36® 
stations  and  negative  at  the  ±40®  station.  For  the  ±37.5®  station,  the-  errors 
were  near  zero  through  the  Mach  range  up  to  1.2. 

A  top-and-botton  orifice  arrangement  is  used  on  the  ser’/icc— type  tube 
shown  in  figure  6.7.  With  this  arrangement,  i-’ir  orifices  are  svacc-d  v'.rh.ir.  , 
radial  angle  of  ±20®  on  the  top  of  the  tube  ar.d  i-.’x  orifices  within  a  ridi.i: 
angle  of  *30°  on  t.he  bottom.  Tests  of  t.his  fube  ae  a  Mach  t’unb'-‘r  cf  :.i 
(ref.  10)  shewed  the  ra.oge  of  insensi  iivity  to  oe  -1.®  ±c  -22'  (f.c.  •'..'.2',,  . 

At  aiiglcs  of  yaw,  the  ra.nge  of  insensitivity  was  *5®. 


In  an  attenpt  to  extend  the  range  of  insensitivity  of  this  tube  at  positive 
angles  of  attack,  the  orifice  configuration  was  altered  by  progressively  increas¬ 
ing  the  orifice  area  on  the  bottoa  of  the  tube.  For  the  final  configuration 
tested  (fig.  6.12(b)),  the  two  orifices  at  t))e  ±30°  station  cn  the  bottom  were 
enlarged  from  0.043  in.  in  diameter  to  0.052  in.,  and  an  additional  orifice, 

0.052  in.  in  diameter,  was  drilled  at  the  0°  station  just  aft  of  the  six  ori¬ 
fices.  With  this  configuration,  the  range  of  insensitivity  was  extended  to 
♦45°  at  M  »  0.2,  but  to  only  +20°- at-  M-»  0.68.- - - 

The  modified  orifice  configuration  on  the  service  tube  in  figure  6.12(b) 
was  incorporated  in  the  design  of  the  research- type  tube  in  figure  6.8.  In 
tests  of  this  tube  through  a  Mach  range  from  0.6  to  2.87  (fig  6.13),  the  range 
of  insensitivity  at  positive  angles  attack  was  found  to  be  about  15°  at  both 
subsonic  and  supersonic  speeds. 

A  service-type  pitot-static  tube  exenplifying  modern  design  trends  is 
shown  in  figure  6.14  (ref.  11).  For  small  errors  at  zero  inclination,  the 
orifices  are  located  13  tube  diameters  aft  of  the  nose  and  3.6  collar  diameters 
ahead  of  the  collar  (x/(0  -  d)  =  7.2).  The  radial  position  of  the  two  orifices 
is  t37.S°  which,  as  shown  uy  the  data  of  figure  6.11,  minimizes  the  error  at 
positive  angles  of  attack  up  to  at  least  12°.  The  pitot  configuration  is  the 
same  as  that  of  tube  B-4  (chapter  IV)  which  is  insensitive  to  inclination  (to 
within  1  percent  q^)  at  angles  of  attack  and  yaw  of  t21°. 


Orifice  Size  and  Shape 

The  influence  of  orifice  diaaieter  and  edge  shape  on  the  pressures  measured 
by  a  static-pressure  tube  can  be  seen  in  figure  6.15  (from  ref.  12).  The  varia¬ 
tion  of  the  static-pressure  error  with  orifice  diameter  for  a  square-edge  orifice 
at  Mach  numbers  of  0.4  and  0.8  is  shown  in  figure  6.15(a).  These  errors  can  be 
related  to  the  orifice  size  of  static-pressure  tubes  by  noting  that  for  tubes 
with  multiple  orifices,  the  orifice  diameter  is  usually  on  the  order  of  0.04  in. 
and  for  dual  orifice  tubes,  the  orifice  diameter  is  0.06  to  0.08  in.  The  effect 
of  orifice  size  is,  of  course,  included  with  the  other  effects  (axial  and  radial 
location  of  the  orifices  and  blocking  effects  of  strut  or  collar)  that  contrib¬ 
ute  to  the  error  of  a  static-pressure  tube. 

The  effect  of  varying  the  edge  shape  of  a  0. 032-in. -dxaneter  orifice  for  a 
Mach  range  from  0.4  to  0.8  is  shown  in  figure  6.15(b).  The  errors  for  the 
rounded  and  angled  edge  shapes  are  referenced  to  the  error  of  the  square-edge 
orifice  (which  can  be  found  from  fig.  6.15(a)).  The  data  for  the  varioui^  orifice 
configurations  show  the  effect  of  edge  shape  to  he  relatively  small  except  for 
the  orifice  with  the  wide  curved  entry.  With  present-day  tubes,  it  is  con¬ 
sidered  good  practice  to  drill  orifices  with  clean,  sharp  edges,  fre-e  from 
surrs,  and  to  make  certain  that  the  orifices  are  not  damaged  or  deformed  in 
operational  use. 
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Figure  6.3.-  Theoretical  pressure  distribution  ahead  of  a  body  of 
infinite  length  transverse  to  the  flow.  (Adapted  from  ref.  1.) 
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Figure  6.4.-  BlocJci.ng  effect  of  a  transverse  strut  for  a 
static-pressure  tube  aligned  with  the  flow.  (Adapted 
from  ref.  2.) 
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Figure  6.5.-  Calibration  of  Prandtl  pitot-static  tube  aligned 
with  the  flow.  (Adapted  from  ref.  3.) 


liqure  6.8.-  Calibration  of  research-type  pitot-static  tube  aligned  with  the  flow. 

(Adapted  from  ref.  6.) 


Angle  of  attack,  deg 

Figure  6.10.-  Calibration  at  angles  of  attack  of  a  static-pressure  tube 
with  orifices  at  radial  stations  of  ±30°.  (Adapted  from  ref.  8.) 
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(a’  Original  orifice  configuration. 
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(b)  .Modified  orifice  configuration. 

Calibration  of  a  service-type  pitot-static  tube  at 
angles  of  attack.  (Adapted  from  ref.  10.) 
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(a)  Subsonic  speed  range. 
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(b)  Supersonic  speed  range. 

lure  6.13.-  Calibration  of  resear jf.- type  pitot-static  tube 
at  a.nqles  of  attack.  (.Adapted  from  ref.  6.) 
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CHAPTKK  VII 


STATIC-r'HEi;Sl)(<£  irJSTAIJJVTIO'JS 

As  noted  in  chapter  V,  the  p'jsition  error  of  a  static-pr<;ssjr<-  i  nstal  l.it  lor 
vanes  with  Mach  number  ind  lift  (-oeff icient.  In  the  low  subsonic  ;;pee<i  r.in<je, 
where  iarye  cbaiiges  in  lift  coefficient  can  occur  over  a  smII  Mach  number 
range,  the  error  depends  largely  on  lift  coefficient.  In  the  high  subsonic 
speed  range,  the  change  in  lift  coefficient  is  usually  quite  small,  so  that  the 
error  in  this  range  depends  mainly  on  Mach  number.  The  errors  at  the  low  Mach 
numbers  are  determined  from  calibration  tests  at  low  altitudes,  whereas  the- 
errors  at  the  higher  Mach  numbers  are  determined  in  calibrations  at  high  alti¬ 
tudes  (because  of  the  speed  limitations  of  the  aircraft  at  low  altitud-'S) .  Wher 
the  low-altitude  calibration  tests  are  conducted  at  heights  near  sea  level,  the 
curves  are  lahele*d  "sea-lovel  calibration”  -)n  the  calibration  ..-harts. 

As  the  variations  of  the  errors  with  lift  coefficient  and  Mach  !.u.mbor 
differ  markedly  for  different  typ<is  of  installations,  the  char.ict-  ristics  .ire 
described  for  four  typical  installations:  static-pressure  tube;,  aseatl  of 
fusel-tge  nose,  the  wing  tip,  and  the  vertical  fin  .ind  fuselaue-ver.t  in:;tal’.i- 
tiors.  For  each  installation,  the  variations  of  t.he  -.'rrors  in  t:;e  low  «:.d  hi-);. 
Mach  ranges  are  considered  separately.  For  one  of  the  i:, stall. itioi.s,  wr-vr, 

t.no  errors  at  low  altitudes  are  combined  with  the  errors  at  hiu.t  .ilrituh  .  to 
form  a  complete  calibration  throughout  the  lift  .joeff icie.nt  a:.;:  Mi.;;  :i..n;,er 
ranges. 

All  the  cal ibrat.’.ons  to  bo  presented  apply  to  level-flight,  crui.;*’  .-'-n.li- 
tions.  For  the  landing  configuration,  the  calibration  is  gt  r.er.il  Iv  d  i :  :'r*.i;t 
because  of  changes  in  the  flow  field  that  re.sult  from  deflection  t-i--  : ;  <p:; 
and  extension  of  the  landing  gear. 

TIk-  tyt;es  of  static-pressur-.*  tuber,  u;;*-'!  the  r  j  .■.•I  ao--;.;  .i  , 

and  Vertical-fin  installations  ar-.-  show:,  in  fiaarv-  T.l,  .i.-..;  • 

used  on  each  of  th.o  ir.stal  lotions  (tub«-  A,  fi,  r.otel  -t;  •  i  r. 

calibration  chart.';  disc-iss*-d  i:.  t'-.i;;  -:ha:t->r. 


?■  iS'.-lag-  -.'lo  Tsctillit; 

f.or  a  giv-’n  sxasiti.cn  of  th.-  .rific-  .ih-'a :  •>:'  .1  -  i-,-!  rj-', 
variacicri  of  -he  stat ic-:  r-';;sire  error  1  h.i:  •  ■!' 

and  the  .■naximun  diamet-  r  of  the  fas.elaoe. 


The  •■ffect  of  no.-e  r-.a;,,-  rar.  is-  i-.r,  »>:. 

revolirion  -.a-vin'i  circsl.c,  -1  1 1:  1 1  il  ,  ii.d  ii-.-al 
wer.;  ;  ;nds  ;t^■d  at  M  -  '.T  with  the 

f  t.'.i  C'.d;,  s,  the  hloc.-;;n;  •  ffect,  ::.i;cit-.d  ly  *. 

gre.ite:;'  for  the  circular  r.ose  a;-.,i  I-.- i„t  f  r 
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circular  nose,  4  percent  for  the  elliptical  nose,  and  1  percent  for 
the  ogival  nose. 

The  magnitude  of  the  static-pressure  error  at  three  positions  ahead  of  an 
airplane  having  an  elliptical  nose  section  is  shown  in  figure  7.3.  Also  shown 
in  the  figure  is  the  curve  for  the  wind-tunnel  model  with  the  elliptical  nose 
in  figure  7.2.  The  errors  for  the  airplane  installations  were  determined  at  a 
low  speed  (M  *  0.37)  and  a  low  angle  of  attack  (C^  *  0-3),  a  condition  conparable 
with  that  of  the  wind-tunnel  tests.  As  shown  by  the  two  curves,  the  variation 
of  the  error  with  orifice  position  (x/D)  is  about  the  same  for  the  two  tests. 

The  variation  of  the  error  with  Mach  number  at  low  subsonic  speeds  foi  each 
of  the  three  boom  lengths  on  the  airplane  in  figure  7.3  is  shown  in  figure  7.4. 

As  this  is  the  speed  range  in  which  the  effects  of  lift  coetiicient  (or  angle 
of  attack)  predominate,  the  lift  coefficients  at  the  stall  speed  {C-^  =  1.2)  and 
at  the  maximum  speed  of  the  tests  (Cj^  =  0.3)  are  noted  in  the  figure.  As  shown 
by  the  three  curves,  the  errors  for  nose-boom  installations  decrease  with 
increasing  lift  coefficient- 

The  variation  of  the  error  of  a  nose-boom  installation  in  the  transonic 
speed  range  can  be  illustrated  with  calibrations  of  static-pressure  probes  ahead 
of  a  body  of  revolution  (fig.  7.5,  from  ref.  2)  having  a  profile  like  the  X-l 
research  airplane  (fig.  7.6).  The  errors  were  determined  at  three  positions 
ahead  of  the  body  through  a  Mach  range  from  0.68  to  1.05  (fig.  7.5).  For  each 
orifice  position,  the  errors  increase  rapidly  in  the  upper  subsonic  range,  reach 
peak  values  at  Mach  numbers  just  beyond  1.0,  and  then  decrease  abriptly  to 
values  near  zero.  The  initial  increase  in  the  error  is  caused  fay  a  shock  that 
forms  around  the  body  at  its  maximum  diameter  when  the  flow  at  that  point 
becomes  sonic.  This  shock  isolates  the  negative  pressure  region  along  the  rear 
of  the  body,  so  that  the  pressures  at  the  orifices  are  then  determined  by  the 
positive  pressures  along  the  nose  section.  When  the  free-stream  flow  bocom<.>s 
sonic,  a  shock  wave  forms  ahead  of  the  body  (bow  shock),  and  the  t-rror  continues 
to  increase  as  the  shock  .moves  toward  the  body.  When  the  bow  shock  passes  ov.  r 
the  orifices,  the  static  pressure  at  the  orifices  becomes  that  of  ".he  free 
stream,  because  the  pressure  field  of  the  body  is  then  confi.ned  tc  the  r-.-gion 
behind  the  shock.  For  all  higher  Mach  numbers,  the  pressure  aheai  ot  the  shock 
is  that  of  the  free  stream,  and  the  pressure  measured  by  a  static-tre -Tsure-  tcb-.- 
is  that  of  the  isolated  tu'oe. 

In  flight  tests  of  the  X-l  airplane  ■with  a  type  A  ctatic-pr'  cirv  tin-, 
located  0.63  ahead  of  the  nose  (ref.  3),  the  variation  of  the  err.r  in  t;.e 
transonic  speed  range  (fig.  7.6)  was  found  to  bo  similar  to  that  f  rod-  i 

tests  (fig.  7.5).  After  shock  passage,  the  error  beccmoc  -  •.5  rc--:.'  i., 

which  is  the  tube  error  of  t.he  type  A  tube.  In  later  te.sta  of  tr.-.  m-  s  ir  h. 

airpla.ne  with  a  rose-boom  installation  with  a  type  B  tube,  the  i.-.-tal  la*  i 
error  after  s.hoc/t  passage  was  also  fo'-..d  to  be  that  of  the  is  'lst-  i  t  !:■•  ,t 
numbers  up  to  2.37  (refs.  4  and  5). 

T.hat  Che  sharp  rise  in  the  iti,ti  c-pressure  ■-•rror  in  tne  .'•'.ac 
to  1.0  is  characteristic  of  fuselage— nose  installations  is  ;hcwn 
tions  of  installations  on  five  ithor  airplanes  (f;g.  7.7,  fren  r 
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data  on  this  figure  also  show  a  fairly  consistent  decrease  in  the  error  with 
increasing  boom  length,  despite  the  variations  in  the  shapes  of  the  nose 
sections. 

The  variation  with  .Mach  number  of  the  static-pressure  error  ahead  of  fuse¬ 
lages  with  nose  inlets  has  been  determined  from  both  model  tests  (ref.  2)  ar.i 
flight  tests  (ref.  7).  The  results  of  the  two  tests  (figs.  7.3  and  7.9)  shew 
the  same  general  variation  of  the  error  in  the  transonic  speed  range  as  for  the 
X-1  model  in  figure  7.5  and  the  X-1  airplane  in  figure  7.6.  The  calibrations 
of  nose-boom  installations  on  five  other  airplanes  with  nose  inlets  (fig.  7.10, 
from  ref.  6)  show  the  errors  in  the  Mach  ra.nge  from  0.8  to  1.0  to  rise  sharply 
in  a  manner  similar  to  those  for  the  airplanes  on  figure  7.7. 


Wing-Tip  Installations 

For  a  given  position  of  static-pressure  orifices  ahead  of  a  wing,  the 
magnitude  and  variation  of  the  error  depend  on  the  shape  of  the  airfoil  section, 
the  maximum  thickness  of  the  airfoil,  and  the  spanwisc  location  of  the  boon. 

In  order  to  lessen  the  influence  of  the  pressure  field  of  the  fuselage,  the 
change  in  the  flow  -field  about  the  wing  die  to  flap  deflection  and  landing-gear 
extension,  and  tlie  effect  of  propeller  slipstream  or  jot  engine  exhaust,  the 
static-pressure  tube  should  be  installed  on  the  outboard  span  of  the  wing.  For 
the  installations  to  be  described  here,  the  booms  were  in  all  cases  located  .'.ear 
the  wing  tip. 

The  magnitudes  of  the  errors  ahead  of  a  wing  tip  are  shown  in  figure  7.11 
for  six  orifice  locations  expressed  in  terms  of  '•he  maximum  wing  thickness  t. 
The  errors  were  measured  with  the  airplane  at  a  low  angle  of  attack  (C^  =  0.2) 
at  a  .Mach  number  of  0.30  (ref.  8).  The  test  data  show  that  the  error  i.s  hii.'.-.-.st 
at  the  position  closest  to  the  'wing  and  it  decreases  rapidly  to  a  -/alue  of  .iiout 
’  percent  q^,  at  an  orifice  location  of  x/t  =  10.  Beyond  this  point,  furt.-.^rr 
reduction  in  the  error  is  minimal. 

The  distance  x/t  =  3  for  the  wing  in  figure  7.11  is  th.e  sane  as  the 
chord  length  of  the  -wing  at  the  spanwisc  location  of  the  boom,  .-or  i  compari¬ 
son  -with  the  error  at  this  location,  the  errors  of  1-chord  ijistallatior.s  or. 
nine  other  airplanes  are  included  in  figure  7.11,  The  static-pressure  tube  'or 
all  the  installations  -was  tne  souh.-  (tube  A)  and  the  errors  w.>re  .ill  r>..-jsar-.f 
about  the  same  lift  coefficient.  ,»lthough  the  airfoil  section;;  of  t.te  •/.iri-is 
wings  differed,  t.he  static-pressure  errors  are  all  in  the  same  range.  Thus 
the  shape  of  the  airfoil  section  appears  to  have  little  effect  on  the  nagnitide 
of  the  errors  at  a  distance  of  1  c.hord  length  (or  greater)  ahead  of  the  wing. 

The  variations  of  the  errors  in  the  Itw  Mach  range  for  each  cf  the  six 
boom  lengths  on  the  airplane  in  figure  7.11  are  shown  in  figure  7.12.  In  t.-.is 
figure,  the  orifice  locations  are  give.n  in  terms  of  the  local  wing  chord  c. 

For  boon  lengths  of  1  chord  or  greater,  the  error  is  -/er-/  nearly  constant  it 
.••!ach  numbers  above  0.15.  As  speeds  decrease  bolo'w  this  Mac.h  niimbor,  the  •.r.'.r;; 
for  all  the  boon  length.s  become  increasingly  .negati'/o  and  reach  .i  -.'alue-  of 


about  -6  percent  at  the  stall  speed.  For  such  large  variations  of  the 
error  over  a  small  Mach  range,  the  problem  of  applying  corrections  for  the 
errors  would  be  quite  difficult. 

In  order  to  show  the  relative  decrease  of  the  error  with  lift  coefficient 
for  coo^arable  boom  lengths  of  fuselage-nose  and  wing-tip  installations,  the 
calibration  of  the  1.5D  boom  of  the  airplane  in  figure  7,4  is  cor^arod  in  f  ig- 
u  e  7.13  with  that  of  a  1-chord  wing-tip  boon  on  the  same  airplane.  For  both  of 
the  installations,  the  static-pressure  tube  was  the  sazae  (tube  A)  and  the  tests 
«wre  conducted  through  the  same  lift  coefficient  range.  As  shown  by  the  two 
calibrations,  the  magnitude  of  the  error  of  the  fuselage  nose  installation  is 
higher  than  that  of  the  wing-tip  installation,  but  the  variation  of  the  error 
with  lift  coefficient  is  considerably  greater  for  the  wing-tip  installation. 

Thus,  corrections  for  the  errors  of  the  nose-boom  installation  could  bo  appli'-'d 
more  accurately,  even  though  the  magnitudes  of  the  errors  arc  higher  than  t.ho.-;o 
of  the  wing- tip  installation. 

The  variation  of  the  errors  of  a  wing-tip  installation  in  the  transonic 
speed  raiige  can  be  described  from  the  calibration  of  a  1-chord  installation  on 
the  X-1  airplane  (fig.  7.14,  from  ref.  3).  It  is  apparent  from  this  calibraticr. 
that  the  variation  of  the  error  is  the  same  as  that  for  the  fuselage-nose  instal¬ 
lations  up  to  the  Mach  number  at  which  the  discontinuity  due  to  shock  passage 
occurs.  At  this  point;  however,  the  error  falls  to  a  largo  negative  value  and 
then,  with  increasing  Mach  number,  begins  to  increase  to  positive  values.  The 
explanation  for  this  behavior  may  best  be  illustrated  by  diagrams  of  the  shock 
waves  ahead  of  the  airplane  (fig.  7.15).  At  a  Mach  nu.mber  of  1.02,  the  wing  iy.v 
shock  has  passed  the  orifices,  and  thus  has  effectively  isolated  them  from  tne 
pressure  field  of  the  wing.  The  pressure  at  the  orifices  is  then  influoncod  by 
the  negative  pressures  around  the  roar  portion  of  the  fuselage  nose,  the  effect 
of  which  extends  outward  from  the  surface  of  the  fuselage  behind  the  Mach  cons. 

As  the  .Mach  number  increases,  the  cone  slants  backward,  and  the  orifices  come 
under  the  influence  of  the  positive  pressures  around  t.he  forward  portion  of  thc- 
fuselage  nose  and  behind  the  fuselage  bow  shock.  At  some  higher  Mach  numkor, 
the  fuselage  bow  shock  traverses  the  orifices,  which  are  t.hon  isolated  fr.;m  the 
flow  fields  of  both  wing  and  fu.sclage.  At  this  and  higher  Mach  number;:,  the 
static-pressure  error,  like  chat  for  the  fuselage-nose  installations,  is  tne 
error  of  the  "ube  itself. 


Vertical-Fi.n  Installations 


The  factors  that  affect  the  measurement  <at  static  pressure  ahead  of  a 
vertical  fin  arc  similar  to  those  for  wing-tip  installations.  Tal ibr at  ion;: 
a  0.55-chord  vertical-fin  installation  at  low  and  high  subsonic  eeds  ar-;-  :  r-  - 
sented  in  figure  7.16.  In  the  low  subsonic  range,  the  error  i.,  1.5  nerc.r.t  ;  , 

a  value  t.hat  is  about  1  percent  lower  than  that  for  the  5. 5-chord  wing-tin 
installation  i.n  figure  7.12.  In  the  high  subsonic  range,  the  error  ir.crra...,s 
with  Mach  number  in  a  man.-.or  similar  to  that  for  the  wing-tip  instal  l  itior. 
figure  7.14.  At  .--:cmo  hig.her  Mach  number  above  1.5,  the  error  wo  ild  no-  •■x' i 
to  decrease  abruptly  whe.n  the  shoc.k  wave  ahead  of  the  fin  :  a. -.v-.  r  t:.-. 
orifices. 
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Fuselage-Vent  Installations 


For  the  putpose  of  selecting  a  location  for  static  ports,  the  fuselage  car., 
in  a  general  way,  be  likened  to  a  static-pressure  tube.  When  the  fuselage-  is 
aligned  with  the  flow,  the  pressure  at  a  vent  is  determined  by  its  locatior. 
along  the  body,  and  when  the  fuselage  is  inclined  to  the  flow,  the  prossur-.-  is 
dependent  on  the  radial  position  of  the  orifi'-e  arou.id  the  body.  The  prcsiviri- 
at  any  given  point  on  the  body  may,  of  course,  be  modified  by  tlie  effects 
the  wing  or  other  protuberance  on  the  fuselage. 

Because  of  the  complex  nature  of  the  pressure  distribution  along  the  fuse¬ 
lage,  it  is  difficult  to  predict,  with  any  degree  of  certainty,  those  locations 
where  the  static-pressure  error  is  a  minimum.  It  is  customary,  therefore,  to 
make  pressure-distribution  tests  in  a  wind  tunnel  with  a  detailed  re[5lica  o:  t.-.--- 
aircraft  and  to  choose  from  the  results  a  number  of  vent  locations  that  aftear 
promising.  These  locations  are  then  calibrated  on  the  full-scale  aircraft  and 
the  best  location  is  choren  for  the  operational  installation. 

In  the  mid&ibsonic  speed  range,  the  errors  of  the  throe  static-prcssur- - 
tube  installations  (fuselage  nose,  wing  tip,  and  vertical  fin)  are  in  all  :jse- 
positivc.  In  contrast,  the  errors  of  fusolago-vcnt  i.-iatallations  can  bo  ■.■.tner 
positive  or  negative.  This  fact  is  illustrated  by  tno  calibrations  of  the 
fuselage-vent  systems  on  three  tta.'.3port  airplanes  (fig.  7.17,  from  r-if.  ')  , 

In  the  high  subsonic  speed  range,  the  errors  of  :  aselag>'-vont  inatal !  :  jr. 

can  vary  with  .Hac.h  number  in  the  same  general  w.jy  as  t.-.e  errors  of  -.ho  star;.- 
pressure-tube  installations.  For  the  installation  on  the  turboiet  tra;.. sport 
shown  in  figure  ".18  (ref.  10),  for  example,  the  error  rises  in  the  Ma-ch  rar.ao 
above  0.8  (due  ta  the  blocking  effect  of  the  wing)  in  a  manner  similar  to  -.-.at 
for  each  of  the  static-pressure-tube  installations. 

With  another  vent  installation,  for  which  the  vents  were  located  'ust  ift 
of  the  fuselage  rose  (fig.  7.19,  from  ref.  11),  the  error  exhibits  a  disconti¬ 
nuity  similar  tc  that  of  the  wing-tip  installation  of  figure  7.14.  With  t.'.-; 
fuselage-vent  system,  however,  the  disconti:iuity  in  the  calibr.ation  occurs  it 
•Mach  number  below  1.0  and  through  a  range  of  .••iach  nu.’X/'.-r;;  (as  op:  oseti  "•  t;.-.- 
abrupt  discontintity  of  the  wing-tip  installation  at  >;scii  1.  >2)  .  rh.-  :i.;c 
nuity  occurs  bel-.w  Mach  1.0  because  of  passage  of  local  sh.ocr".-;  ov.-r 
and  the  measured  pressures' f luctuat---  h<'cause  c:  instability  ■:  . 

To  minimize  the  errors  duo  to  a.ngle  .>:  attac'-i,  t.t-.-  f  is.-l.iu,-  v-  nt r.  ;  :  - 
turbojet  transports  are  installed  in  pairs  at  radial  i  ,sitio:.s  o;  -;S-  to 
from  the  bottom  if  the  fuselage.  This  vent  arrengomer.t  ilso  red  i .•■.■.i  •  n 
extent  the  effects  of  angle  of  ya-w  or  sideslip.  !n  u.-.rubl  i  ;:ne  5  ti.  ;  i  •  :.* 

system  on  a  tra.-ip-ort  aircraft,  for  example,  the  error  r-  main-.  :  w.-:;;;. 

1  percc.nt  at  inoie-s  of  su’e.ili:  up  to  •?  '  it  t  ''jc.-. 

The  static  lorts  on  present-day  aircraft  are  in  torn  ■  :  ■  it  -.-  r  ; 

single  large  hoi-,  (on  t.ne  order  of  3/B  i.n.  ir.  dian..t-.r  r  i  ■.n.-.'-er  c  ni.. 
orifices  arrange:  in  a  .lalt-shaker  ■-•attorn.  .Vi-h  t.h-t  i:-.:'.'.-  ;  ,ri-  ■  .r'.  *• 
measured  prossur-.s  can  be  ilterod  i-y  icfomati  n; 
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With  the  salt-shaker  pattern,  the  measured  pressures  can  be  affected  by  defot-aa- 
tions  of  the  orifices  as  discussed  in  chapter  VI.  .or  both  types  of  ports,  ccie 
measured  pressures  can  also  be  altered  by  chamges  in  the  contour  of  the  fuseljige 
skin  in  the  vicinity  of  the  port;  such  changes  can  result  from  damage  caused  cry 
ground  handling,  repairs  to  the  skin,  or  aging  of  the  aircraft. 

The  effects  of  simulated  damage  to  the  ports  (in  the  form  of  protuberances 
and  changes  in  edge  shape)  and  of  skin  waviness  in  the  vicinity  of  the  ports 
were  determined  in  tests  reported  in  reference  12.  The  results  of  the  tests 
(fig.  .7.20(a))  show  that  even  relatively  small  deformations  at  the  edge  of  thie 
vent  can  produce  sizable  changes  in  the  measured  pressure.  For  a  vent  locate-^ 
close  to  a  wave  in  the  fuselage  skin,  the  effects  can  also  be  appreciable 
(fig.  7.20(b)).  To  avoid  the  possibility  of  the  kind  of  skin  waviness  t.hat  can 
occur  with  thin  skins  and  to  provide  a  uniform  vent  configuration,  some  manu¬ 
facturers  install  a  thick  plate  having  a  machined  surface  that  extends  some  dis¬ 
tance  around  the  vents.  Such  plates  also  provide  a  higher  degree  of  consistccicy 
in  the  calibrations  of  a  given  type  aircraft  (ref.  10). 


Combined  Calibrations  at  Low  and  High  Altitudes 

As  mentioned  earlier,  the  calibrations  of  installations  at  low  and  high 
altitudes  usually  are  not  joined  (e.g.,  fig.  7.16),  because  the  low-altitude 
calibration  is  not  carried  to  sufficiently  high  Mach  numbers  and  the  high- 
altitude  calibration  is  not  carried  to  sufficiently  low  Mach  nuauers.  In  one 
case,  however,  the  calibration  of  a  wing-tip  installation  was  extended  down  tz. 
the  stall  at  a  series  of  altitudes  by  means  of  a  high-speed  trailing  bomb  to  =»» 
described  in  chapter  IX. 

The  calibrations  at  five  altitudes  are  shown  in  figure  7.21  (from  ref. 

For  the  sea-level  caliuration,  the  variation  of  the  error  with  lift  coetf icier. t 
in  the  low  Mach  range  is  the  characteristic  variation  expected  of  wing-tip 
installations.  Of  interest  with  this  set  of  calibrations,  however,  is  the  fac- 
that  the  error  variation  at  each  of  the  altitudes  above  sea  level  is  essentially 
the  same.  Of  further  interest  is  the  fact  that  the  calibrations  all  converge 
at  a  Mach  number  of  about  0.75.  At  :<ach  numbers  beyond  this  point,  where  the 
errors  are  basically  a  function  of  Mach  number,  the  error  variation  for  all 
altitudes  can  be  represented  by  a  single  curve. 

In  the  lower  Mach  range  where  the  error  is  primarily  a  function  of  lift 
coefficient  (below  .M  =  0.75  for  this  installation),  the  lift  coefficie.nt  for 
a  given  value  of  the  error  should  be  the  same  at  each  altitude.  For  an  error 
of  -0.075.  for  example,  the  lift  coefficient  at  M  =  1.9  at  sea  level  should 
be  the  sane  as  that  at  M  =  2.3  at  10  000  ft,  .M  =  2.7  at  20  000  ft,  etr. 
Computations  cf  the  lift  coefficients  at  each  altitude  show  that  they  are,  i.n 
fact,  approximately  t.he  sane. 

The  primary  der-endonce  of  the  static-pressure  error  on  lift  coefficient 
the  lower  Mach  ra.oge  has  led  a  number  of  investigators  to  devise  analytical 
methods  for  predicting  the  errors  at  altitude  from  the  errors  measur-  i  i:-.  i  .s-j  i- 
level  calibration.  In  two  methods  proposed  by  British  investigators  (refs.  14 
and  15),  the  errors  at  altitude  .are  computed  from  ,i  ccnsideratitn  of  the  "izr. 
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number  as  well  as  the  lift  coefficient  at  which  the  sea-level  value  was  deter¬ 
mined.  Other  investigators  have  extrapolated  the  sea-level  values  on  the  sinpl-- 
assumption  that  the  errors  are  dependent  solely  on  lift  oefficient.  2acn  c: 
these  methods  is  limited,  of  course,  to  the  Mach  range  below  that  at  whicn 
shocks  form  on  the  body. 

An  example  of  the  application  of  the  extrapolation  method  based  only  or.  th-. 
lift  (.oefficient  dependence  is  shown  in  figure  7.22  (from  ref,  16).  In  this 
example,  the  extrapolation  of  a  sea-level  calibration  to  25  000  ft  is  cotpared 
with  the  flight-test  calibration  at  25  000  ft.  The  test  data  from  which  the  se<s- 
level  and  25  OOO-foot  calibrations  were  derived  are  discussed  in  chapter  IX.  A  , 
indicated  by  rhe  agreement  between  the  measured  and  computed  errors  at  altitude, 
the  simpler  coi.iput^ 'ional  method  would  appear  to  be  adequate  for  the  prediction 
of  the  errors  at  altitude. 


Calibration  Presentations 

The  errors  of  the  static-pressure  installations  described  in  this  chapter 
have  in  all  casos  been  expressed  as  fractions  of  the  impact  pressure,  as  ‘.p 
As  noted  in  chapter  V,  however,  the  static-pressure  errors  are  sometimes  pre¬ 
sented  as  fractions  of  the  static  pressure,  Ap/p,  or  the  Mach  number, 

Comparable  values  of  Ap/q^.,  Ap/p,  and  Am/M  for  a  hypothetical  Ap 
variation  based  on  calibrations  of  fuselage  nose  installations  are  shown  in  fig¬ 
ure  7.23  for  a  :4ach  number  range  from  0.2  (the  stall  speed)  to  2.0.  For  this 
example,  the  variations  in  terms  of  Ap/p  and  dM/.M  were  derived  from  t.he 
Ap/q^  variation  by  using  figures  5.4  and  5.5. 

In  the  high  subsonic  range  (above  M  =  0.8),  the  variation  of  the  errors 
with  Mach  nueber  for  each  of  the  three  calibrations  is  roughly  the  same  and  the- 
peak  values  of  the  errors  are  generally  of  the  same  magnitude.  In  the  low  s-tj- 
sonic  range,  :iowever,  the  variation  of  the  error  with  lift  coeff icJ.ont,  as  srjow: 
by  the  decrease  in  the  magnitude  of  the  error  from  M  =  0.4  to  0.2,  is  gr<iat-r --.t 
for  the  Ap/q^.  calibration  and  least  for  the  Ap/p  calibre  tic.n.  In  the-  3up-i.-r- 
sonic  range,  where  Ap/q^.  is  constant,  the  magnitudes  of  A-p/p  a^-d  /..M,:'  'ot- 
increase  with  increasing  Mach  number. 

Even  tix>uqh  the  position  error  of  an  installation  in  terms  of  '.p/q^  ir.  t; 
supersonic  range  may  be  small,  the  altitude  error  corresponding  to  the  star,  t- 
pressure  error  can  be  quite  large.  For  a  value  of  A.p/q„  of  1  percent,  for 
example,  the  altitude  error  at  M  =  2.0  and  an  altitudo’of  40  :00  ft  is  -65  ft. 


Installation-Error  Tolerances 

The  errors  of  static-pressure  installations  on  civil  and  v.ilitiry  airirifr 
are  required  to  conform  to  specified  tolerances  (refs.  17  .  ..d  li)  .  For  v.vi. 
transport  aircraft,  the  allowable  static-pressure  error  i:;  -;rate  i  .r,  r  .r-.  ,  f  i: 

altitude  errer  of  30  ft  per  100  knots  indicated  airspeed,  .-crr.rt.c  -.o  I  v-  : 
conditions.  For  military  aircraft,  the  static-pres-c ire  error  tat  ':  t.-  . 

sane  terms,  except  that  the  allowable  altitude-  error  is  25  ft  p-:-r  I'O  >r..t.:. 


The  altitude  errors  Jorrespondii  g  to  the  civil  ;nd  military  raquiromor.ts  tor 
a  Hacn  range  up  to  1.0  and  for  altitudes  up  to  40  000  ft  are  presented  in 
figure  7.24. 


Installation  Design  Co»sidcrations 

From  a  consideration  of  the  variations  of  the  errors  of  the  four  types 
static-pressure  installations  with  lift  coefficient  and  Mach  number,  it  snc: 
be  evident  that  a  primary  consideration  in  the  selection  of  an  installation 
a  new  aircraft  is  the  Mach  range  through  whic!  it  is  designed  to  operate. 

If  the  operating  range  extends  to  supersonic  speeds,  the  fuselage-nose 
installation  is  obviously  the  best  choice,  because  t.ho  installation  error  at 
supersonic  speeds  will  be  that  of  the  tube  itself.  The  error  of  the  tube  a* 
supersonic  speeds  can  be  determined  from  wind-tunnel  tests,  so  that  the  fli- 
calibration  of  the  installation  could  be  limited  to  the  subsonic  speed  rang- 
The  errors  in  the  subsonic  range  might  be  relatively  large,  but  the  variati' 
of  the  errors  with  Mach  number  and  lift  coefficient  follows  a  consistent  pa* 
for  which  corrections  for  the  errors  can  be  applied  by  means  of  air  data  com 
puters  to  be  described  in  chapter  .MI.  The  errors  of  fuselage-nose  i.nstallat 
at  subsonic  speeds  can  also  bo  minimized  by  use  of  specially  designed  coiitou 
tubes  to  be  discussed  in  the  next  chapter. 

Aircraft  designed  for  operations  in  the  subsonic  speed  rang-.*  ordinariT. 
cru.'se  at  Mach  .numbers  below  0.9.  For  this  Mach  range,  any  of  the  other  th: 
installations  -  wing  tip,  vortical  fin,  and  fuselage  vent  -  should  prove  sa* 
factory.  If  the  shape  of  the  fuselage  approximates  that  of  a  circular  cyli; 
satisfactory  locations  can  usually  be  found  in  areas  where  the  static-press, 
errors  will  be  small  and  where  the  measured  pressures  will  not  be  adversely 
affected  by  local  shocks  in  the  upper  subsonic  range.  Wit.h  t.he  wi.ng-tip  an.: 
vertical-fin  installations,  very  snvall  (and  consistent)  crc  ’ts  can  bo  reali.- 
when  the  boom  length  is  about  0.5  chord  length  at  the  vertical  fin  or  1  c.hn: 
length  at  the  wing  tip. 

With  all  the  installations,  the  pressure  sensor  stiould  be  cosxgned  an:i 
located  to  prevent  obstruction  of  the  .'-ta tic-pressure  orificc.s  or  fuselage 
by  debris,  water  ingestion,  or  ice.  The  distance  of  the  pre.ssuro  sour  :  r 
the  cockpit  should  also  be  consiaered  because  long  lengths  of  pressure  tubi 
can  introduce  pressure  lag  errors,  a  subiect  to  be  discu-;sed  in  chapter  X. 
These  considerations,  together  with  the  many  other  factors  that  .-.u.st  *aV. 

into  account  in  the  design  of  pitot-static  systems,  are  discus:. ed  i;.  n  ; 
able  detail  in  reference  19. 
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igure  7.1.-  Diagrams  of  static-pressure  tuies  used  on 
aircraft  installations. 


luro  7.2.-  Static-press,  re  errors  .it  various 
o:  throe  bodies  of  revolution  ali9ned  with 
X  =  0.21.  (Adapted  from  ref.  1.) 
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Figure  7.5.-  Variation  of  static-pressure  error  ahead  of 
model  of  an  airplane  fuselage  in  the  transonic  speed 
range.  (Adapted  from  ref.  2.) 
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Figure  7.8.-  Variation  of  static-pressure  error  ahead  of 
model  with  nose  inlet  in  transonic  speed  range. 
(Adapted  from  ref.  7.) 
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Figure  7.11.-  Static-pressure  errors  at  various  positions  ahead 
of  wing  tips  of  ten  airplanes.  (Adapted  from  ref.  8.) 


Orifice  location 


Mach  number 

Figure  7.12.-  Variation  of  static-pressure  errors  of  wing-tip 
installations  in  low  subsonic  speed  range.  (Adapted  from 
ref.  8.) 
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Figure  7.14.-  Variation  of  static-pressure  error  of  wing-tip  installation 
in  transonic  speed  range.  (Adapted  from  ref.  3.) 
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Figure  7.15.-  Diagram  showing  position  of  shock 
waves  with  respect  to  a  wing-tip  installation 
in  transonic  speed  range. 


Mach  number 


I 


I 


Figure  7.16.-  Variation  of  static-pressure  error  of 
vertical-fin  installation  in  lew  and  high  subsonic 
speed  range. 
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Figure  7.18.-  Variation  of  static-pressure  error  of 
fuselage-vent  installation  in  high  subsonic  speed 
range.  (Adapted  from  ref.  10.) 
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Figure  7.19.-  Variation  of  static-pressure  error  of  a 
fuselage-vent  installation  in  transonic  speed  range 
(Adapted  froia  ref.  11.) 
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(a)  Effect  of  protulserances  and  indentations. 
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(b)  Effect  of  waviness  of  skin  in  vicinity  of  vent. 


Figure  7.20.-  Effect  of  protuberances  and  skin  waviness  on  static  pressures 
measured  by  a  fuselage  vent.  (Adapted  from  ref.  12.) 
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Mach  number 


Figure  7,21.-  Variation  of  static-pressiure  error  of  a  wing-tip 
installation  at  five  altitudes.  (Adapted  from  ref.  13.) 
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7.23.-  IlypoLhutical  calibration  of  a  iiokc- bc*om  iiibtai lation  uxpro.s.scd  in 
terms  of  Ap/q_,  Ap/p,  and  AM/M. 
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CHAPTER  VIII 
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AERODYNAMIC  COMPENSATION  OF  POSITION  ERROR 

For  research- type  static-pressure  installations,  corrections  for  the  posi¬ 
tion  errors  are  normally  applied  during  the  reduction  of  the  test  data  after  the 
flight.  For  service-type  installations,  corrections  for  the  position  errors  are 
^ applied  during  the  flight  by  means  of  correction  cards  or  automatic  computing 
systems  (chapter  II).  With  some  service  installations,  however,  the  position 
errors  are  effectively  canceled  at  the  static-pressure  source,  so  that  the  need 
for  manual  or  automatic  corrections  is  eliminated.  This  cancellation  or  reduc¬ 
tion  of  the  position  errors  at  the  static-pressure  source  is  accomplished  by 
applying  the  concept  of  aerodynamic  compensation  to  be  discussed  in  this 
chapter. 

With  fuselage- vent  installations,  the  position  errors  of  the  original  vent 
configuration  are  compensated  by  installing  small  reui^s  or  projecting  plates  in 
the  vicinity  of  the  vents  (ref.  1) .  These  devices  are  designed  to  alter  the 
local  flow  in  such  a  way  that  the  local  static  pressure  at  the  vents  is  changed 
to  a  value  more  nearly  equal  to  the  static  pressure  of  the  free  stream. 

With  static-pressure- tube  installations,  the  conventional  tube  is  replaced 
with  a  specially  contoured  tube,  called  a  compensated  tube,  that  is  designed  to 
nullify  the  position  errors  of  the  conventional  tube  installation.  The  shape  of 
the  compensated  tvibe  and  the  location  of  the  orifices  along  the  tube  are  so 
designed  that  the  static-pressure  errors  of  the  tube  are  equal  and  opposite  to 
the  position  errors  of  the  conventional  tube  installation. 

The  concept  of  compensation  of  position  error  is  illustrated  in  figure  8-1 
by  hypothetical  calibrations  of  a  fuselage-nose  installation.  The  curve  labeled 
"position  error"  represents  the  calibration  of  a  conventional  tube  at  a  given 
position  ahead  of  the  fuselage  nose,  the  curve  labeled  "compensated  tube  error" 
represents  the  variation  of  the  static-pressure  error  of  the  isolated  con^ien- 
sated  tube,  and  the  dcished  line  along  the  zero  axis  represents  the  calibration 
of  the  compensated  tube  when  installed  at  the  same  position  as  the  conventional 
tube. 


In  an  investigation  of  compensated  tubes  designed  to  reduce  the  position 
errors  of  fuselage-nose  installations  in  the  subsonic  speed  range  (ref.  2),  the 
negative  tube  errors  required  to  balance  the  positive  position  errors  were 
created  with  a  tube  having  a  collar  with  a  conical  af  ody  and  orifices  at  the 
base  of  the  afterbody.  In  a  more  extensive  investigat.  n  (ref.  3),  the  negative 
tube  errors  were  developed  with  two  types  of  tubes  having  ogival  nose  shapes. 

In  one  type,  the  orifices  were  located  along  the  ogive  near  the  nose,  while  in 
the  other  type  they  were  located  on  a  contoured  contraction  of  the  tube  some 
distance  behind  the  nose.  With  both  types  of  tubes,  the  shape  of  the  tube  and 
the  location  of  the  orifices  along  the  tube  can  be  designed  to  compensate  the 
position  errors  at  a  given  position  ahead  of  a  fuselage  having  a  given  nose 
shape. 
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In  the  investigation  of  reference  3,  three  compensated  tubes  (a  long  ogival 
tube,  a  short  ogival  tube,  and  a  contoured  contraction  tube  (fig.  8.2))  were 
tested  on  a  body  of  revolution  having  an  ogival  nose  shape.  The  calibration  of 
the  long  ogival  tube  with  its  orifices  0.95  of  the  body  diameter  (D)  ahead  of 
the  l3ody  is  shown  in  figure  8.3.  The  data  for  the  curve  labeled  "position 
error"  were  obtained  with  a  conventional  (i.e.,  cylindrical)  tube  with  orifices 
10  tube  diameters  aft  of  the  nose  of  the  tube.  The  data  obtained  with  the  com¬ 
pensated  t'lbe  (circular  test  points)  show  the  position  error  to  lie  effectively 
compensated  throughout  the  subsonic  speed  range.  To  determine  how  well  the 
larger  position- errors  at  a  shorter,  distance  ahead  of .  the  body  could  be  coiq>en- 
sated,  tests  were  conducted  with  the  short  ogival  tube  wich  the  orifices  at  a 
distance  of  0.270  ahead  of  the  body.  As  indicated  by  the  data  from  these  tests 
(fig.  8.4) ,  the  position  error  for  this  location  was  also  compensated  throughout 
the  subsonic  speed  range.  In  tests  of  the  contoured  contraction  tube  with  ori¬ 
fices  at  a  distance  ahead  of  the  body,  conqparoble  with  that  of  the  tube  with  the 
long  ogival  nose  (fig.  8.5),  the  position  error  was  cooipensated  to  the  same 
extent  throughout  the  subsonic  speed  range. 

Since  the  tube  errors  of  the  compensated  tubes  are  negative  in  the  subsonic 
speed  range,  the  position  errors  of  the  nose-boom  installations  in  figures  8.3, 
8.4,  and  8.5  would  be  expected  to  become  negative  at  the  low  supersonic  speed 
at  which  the  body  bow  shock  traverses  the  orifices.  In  tests  of  the  installa¬ 
tions  of  figures  8.3  and  8.5  at  low  supersonic  speeds,  the  position  errors  at  a 
Mach  number  just  beyond  1  were  found  to  be  -3  percent  for  the  installation 
in  figure  8.3  and  -4  percent  q^.  for  the  installation  of  figure  8.5. 

However,  for  a  tube  having  a  shape  similar  to  that  of  the  long  cgival  tube 
but  with  orifices  nearer  the  nose  (fig.  8.6  from  ref.  4),  the  error  is  only 
-0.5  percent  q^  at  the  Mach  number  following  shock  passage  (M  s  1.01).  At 
M  =  1.2  the  error  is  still  small,  at  M  =  1.65  the  error  is  about  ' 

1  percent  q^,,  a  sizable  error  in  terms  of  altitude  error  (550  ft,  for  exanqjle, 
at  40  000  ft) . 

In  other  tests  in  reference  3,  the  nose  of  the  long  ogival  tube  was  cut  to 
form  a  pitot  opening  having  a  conical  entry  of  82®.  Cutting  the  tip  of  the  tube 
was  found  to  change  the  error  compensation  by  less  than  0.3  percent  q^,  at  Mach 
numbers  up  to  1.2. 

In  further  tests  of  the  long  ogival  tube,  orifices  were  located  at  a  radial 
station  of  ±37.5®  to  reduce  the  errors  at  positive  angles  of  attack.  The 
results  of  the  tests  of  this  tube  (fig.  8.7)  show  the  error  to  be  essentially 
zero  at  angles  of  attack  up  to  15°  at  a  .Mach  number  of  0.6.  Note  that  the 
errors  on  this  figure  are  incremental  errors  from  ihe  error  of  the  tube  at  an 
angle  of  attack  of  0°. 

Compensated  static-pressure  txibes  similar  to  those  tested  in  the  investiga¬ 
tion  of  reference  3  have  been  used  on  the  fuselage-nose  installations  of  at 
least  three  airplanes  (refs.  4,  5,  and  6).  The  calibration  of  an  installation 
on  an  F-104  fighter  is  shown  in  figure  8.8(a),  on  a  B-70  bomber  in  figure  3.8(b) 
and  on  a  British  Harrier  VTOL  airplane  in  figure  8.8(c).  For  each  of  the  instal 
lations,  the  static-pressure  errors  with  the  coirpensated  tubes  are  within  about 
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1  percent  throughout  the  stobsonic  speed  range.  The  tubes  used  on  these 
installations  were  pitot-static  tubes  with  pitot  openings  similar  to  that  of 
the  tube  in  figure  8.6. 

Although  compensated  tubes  have  been  designed  to  minimize  the  errors  of 
fuselage-nose  installations  at  Mach  numbers  as  high  as  1.2,  the  errors  of  these 
tubes  would  be  expected  to  be  larger  than  those  of  conventional  tubes  at  higher 
supersonic  speeds.  As  a  means  of  achieving  small  errors  at  both  subsonic  and 
supersonic  speeds,  it  was  suggested  in  reference  3  that  a  tube  could  be  designed 
*  'that  would  cooibine  the  features  of- the. compensated, tube, for  subsonic  operation 
and  the  conventional  tube  for  supersonic  operations.  With  this  type  tube,  one 
set  of  orifices  would  be  located  on  the  ogival  nose  of  a  cylindrical  tube  and  a 
second  set  of  orifices  at  least  10  tube  diameters  aft  of  the  nose.  A  tube  of 
this  type  would,  of  course,  require  an  automatic  pressure  switch  which  would  be 
activated  at  the  speed  at  which  the  shock  passes  over  the  rear  set  of  orifices. 
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Figure  8.2.-  Diagrams  of  cong^ensatcd  static-pressure  tubes 
(Adapted  from  ref.  3.) 


Figur-j  8.3.-  Calibration  of  long  ogival  tube  with  orifices 
0.95D  ahead  of  body.  (Adapted  from  ref.  3.) 
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Figure  8.S.-  Calibration  of  contoured  contraction  tube  with  orifices 
0.790  ahead  of  body.  (Adapted  from  ref.  3.) 
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(c)  Harrier  airplane.  (Adapted  from  ref,  6.) 

Figure  8.8.-  Calibrations  of  cong>ensated  static-pressure- tube 
installations  on  three  airplanes. 
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CHAPTER  IX 


FLIGHT  CALIBRATIOH  HBTHODS 

The  accuracy  with  which  altitude,  airspeed,  and  Mach  number  are  determined 
£r<»i  pitot-static  measureoients  depends  for  the  most  part  on  the  accuracy  with 
which  the  position  error  of  the  static-pressure  installation  is  established  by 

i  a  .fli^t-calibration.of.  the. installation,__The  . accuracy.. of  . airspeed  emd  Mach _ 

number  also  depends  on  the  accuracy  of  the  total-pressure  measurement,  but  as 
noted  in  chapter  IV,  the  total-pressure  error  at  low  angles  of  attack  is  gener¬ 
ally  negligible.  For  flight  tests  in  which  accurate  measurements  of  total  pres¬ 
sure  at  high  angles  of  attack  are  required,  the  total-pressure  installation  can 
be  calibrated  against  a  test  installation  (swiveling  or  shielded  total-pressure 
tube)  which  is  insensitive  to  angle  of  attack.  Since  the  difference  between 
the  pressures  of  the  two  installations  can  be  measured  with  a  sensitive 
differential-pressure  instrument,  the  errors  of  the  aircraft  total-pressure 
installation  can  be  determined  %#ith  a  high  degree  of  accuracy. 

In  contrast  to  the  ease  with  which  the  total-pressure  error  can  be  deter¬ 
mined,  the  position  error  of  the  static-pressure  installation  can  be  quite  dif¬ 
ficult  to  determine.  This  difficulty  is  reflected  in  the  wide  variety  of  cali¬ 
bration  methods  that  have  been  devised  for  the  determination  of  this  error. 

These  methods  are  first  discussed  in  terms  of  the  measuring  principles  that  form 
the  basis  of  the  calibration  techniques.  Application  of  each  of  the  methods  is 
then  described  in  terms  of  accuracies,  operational  limitations,  and  instrumen¬ 
tation  requirements.  In  a  final  section,  the  calibration  of  an  airplane  instal¬ 
lation  by  two  of  the  methods  is  described  in  some  detail. 


Calibration  Methods  for  Deriving  Position  Error 

As  an  introduction  to  the  description  of  the  various  methods  for  deter¬ 
mining  the  position  error  &p,  the  calibration  technique*’  are  classified  in 
terms  of  four  parameters  from  which  position  error  is  derived;  (1)  free-stream 
static  pressure  p,  (2)  free-air  tenq>erature  T,  (3)  true  airspeed  V,  and 
(4)  Mach  number  M.  A  listing  of  the  calibration  methods  in  accordance  with 
this  classification  is  as  follows: 

1.  Free-stream  static-pressure  methods  (Ap  derived  from  measurements 
of  p*  and  p) 

(a)  p  measured  at  reference  pressure  source 

Trailing-bomb  method 
Trailing-cone  method 
Pacer-aircraft  method 
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(b)  p  derived  from  height  of  aircraft  and  measured  pressure  gradient 

Tower  method 
Tracking-radar  method 
Radar-altimeter  method 

(c)  p  at  height  of  aircraft  calculated  from  p  emd  T  at  ground 
Ground- canter  a  method 


(d)  p  derived  from  change  in  height  of  airplane  from  initial  height 

Tracking-radar/pressure-altimeter  method 

Accelerometer  method 

2.  Tea^rature  method  (dp  derived  from  T*  and  pressure-temperature 

survey) 

Recording- thermometer  method 

3.  True-urspeed  methods  (dp  derived  from  values  of  V) 

Trailing- anemometer  method 

Speed-course  method 

4.  Mach  number  methods  (dp  derived  from  values  of  M’  and  M) 

Sonic- speed  method 

Total- temperature  method 

Mote  that  although  the  names  given  to  most  of  the  methods  are  based  on  specific 
measuring  equipment,  the  measuring  principles  of  some  of  the  methods  can  be 
applied  with  other  types  of  equipment. 

For  the  free-stream  static-pressure  methods,  dp  is  determined  as  the  dif¬ 
ference  between  the  static  pressure  p*  measured  by  the  aircraft  installation 
and  the  free-stream  static  pressure  p  at  the  flight  level  of  the  aircraft. 

The  four  basic  techniques  for  determining  the  value  of  p  at  the  flight  level 
eure  illustrated  by  the  diagrams  in  figure  9.1. 

With  the  first  of  these  techniques,  p  is  measured  from  a  reference  pres¬ 
sure  source  moving  with  the  aircraft,  but  located  vdiere  the  effect  of  the  pres¬ 
sure  field  of  the  aircraft  is  negligible.  As  shown  in  figure  9.1(a),  the  ref¬ 
erence  pressure  source  is  either  (1)  a  pressure  sensor  trailed  below  the 
a  .craft  (trailing  bomb)  or  behind  it  (trailing  cone)  or  (2)  a  calibrated 
static-pressure  installation  on  another  aircraft  (pacer  aircraft)  flying  along¬ 
side  the  test  aircraft. 

In  the  second  technique  (fig.  9.1(b)),  the  value  of  p  at  the  flight 
level  Z  is  obtained  from  an  interpolation  of  the  measured  pressure  gradient 
through  the  test  altittide  range.  For  the  to%#er  method,  the  pressure  gradient 
is  measured  through  a  small  height  reuige  near  the  ground,  while  for  the 
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tracking-radar  and  radar-altimeter  methods,  the  gradient  is  determined  through 
a  wide  height  range  at  high  altitudes. 

In  the  third  technique  (fig.  9.1(c)),  p  at  the  height  Z  of  the  aircraft 
is  calculated  from  measurements  of  p  and  T  at  the  ground  and  assiuned 
standard  temperature  gradient  up  to  the  flight  level.  To  minimize  the  errors 
that  might  be  introduced  by  the  assumption  of  the  standard  tenq>erature  gradient, 
the  height  of  the  aircraft  should  be  less  than  about  500  ft. 

- Hith-tbe -fourth-technique  (fig.  9.1(d))  ,  p  at  the  height  z  of  the  air¬ 
craft  is  derived  from  (1)  measurements  of  the  chemge  in  height  from  an  initial 
height,  (2)  measurements  of  p*  and  T'  at  the  initial  height  and  at  an  air¬ 
speed  for  which  Ap  is  1cno%im,  and  (3)  either  an  assumption  of  a  standard  tem¬ 
perature  gradient  or  an  integration  of  equation  (3.4).  For  the  tracking- radar/ 
pressure-edtimeter  method,  the  height  increment  is  determined  from  a  tracking 
radar,  whereas  with  the  accelerometer  method,  the  height  increment  is  derived 
from  measurements  of  the  aircraft  accelerations  and  attitude. 

In  the  teiiq>erature  oMthod  (recording  thermometer) ,  values  of  Ap  are 
determined  from  measurements  of  p‘  and  values  of  p  derived  from  (1)  measure¬ 
ments  of  T*  and  (2)  a  pressure-temperature  survey  of  the  test  altitude  range. 

For  the  true-airspeed  methods/  V2tlues  of  Ap  are  derived  from  measured 
values  of  V,  p',  q^,  and  T*.  The  values  of  V  are  determined  by  two  tech¬ 

niques:  from  measurements  with  a  wind-driven  anemometer  suspended  below  the 
aircraft  or  by  timed  runs  over  a  prescribed  ground  course. 

With  the  Mach  number  methods,  Ap  is  derived  from  values  of  AM,  which  are 
determined  from  measurements  of  M’  and  M.  In  the  sonic-speed  method,  the 
values  of  M  are  derived  from  measurements  of  V  and  the  speed  of  sound  a, 
while  in  the  total- teBq>erature  method,  the  values  of  M  are  determined  from 
measurements  of  T*  and  T  (derived  from  a  temperature-height  survey  of  the 
test  altitude  range) . 

Of  the  various  methods  outlined  in  the  foregoing  paragraphs,  scsne  can  be 
applied  only  at  low  altitudes,  while  others  can  be  applied  only  at  high  alti¬ 
tudes.  For  the  low-altitude  calibration  methods,  rhe  maximum  speed  at  which  the 
tests  can  be  conducted  is  restricted  by  the  speed  capability  of  the  aircr;  ft  at 
the  test  altitude  or  by  some  linitation  in  the  calibration  method.  For  the  high- 
altitude  methods,  the  speed  range  of  the  calibration  is  determined  by  the  mini¬ 
mum  and  maximum  Mach  numbers  at  which  the  aircraft  can  be  flown  at  the  test 
altitude.  Thus,  for  some  airplanes,  a  con^lete  calibration  throughout  the  Mach 
range  may  require  tests  at  a  number  of  altitudes  using  more  tha.-  one  calibration 
method. 

With  some  of  the  methods,  the  tests  must  be  conducted  in  steady,  level 
flight,  whereas  with  others,  the  tests  can  be  conducted  in  dives  and  accelerated 
maneuvers  as  well  as  in  level  flight.  In  the  first  case,  indicating  instruments 
can  be  used  for  the  measurement  of  the  flight  quantities,  whereas  in  the  second, 
recording  instruments  must  be  enployed.  Recording  instruments  provide  measure¬ 
ments  of  the  flight  qucuitities  against  a  time  scale  and,  in  addition,  generally 
provide  greater  accuracy  than  indicating  instruments. 


In  the  following  sections,  the  operational  limitations  (speed  and  altitude) , 
instrumentations  requirements,  and  accuracy  (or  precision)  of  each  method  are 
discussed  ir*  detail.  As  an  aid  in  comparing  the  various  calibration  techniques, 
the  chaoracteristics  of  each  method  are  suamarized  in  table  9.1.  From  an  exami¬ 
nation  of  this  table,  it  is  evident  that  the  selection  of  a  method  for  the  cali¬ 
bration  of  an  installation  on  a  particular  airplane  requires  consideration  of  a 
variety  of  factors,  such  as  (1)  the  desired  accuracy  in  the  determination  of  Ap, 

(2)  the  speed  and  altitude  range  for  which  calibration  data  are  required,  and 

(3)  the  available  instrumentation.  In  general,  greater  accuracy,  and  ttius  more 
complex  instrumentation,  is  required  for  the  calibrations  of  flight  research 
installations' than  for  the  installations  on  service  aircraft. 


Trailing-Bomb  Method 

With  the  trailing-bomb  method,  the  static  pressure  measured  by  the  aircraft 
installation  is  compared  directly  with  the  static  pressure  measured  by  orifices 
on  a  bomb-shaped  body  suspended  on  a  long  length  of  pressure  tubing  below  the 
aircraft  (refs.  1  and  2).  With  one  type  of  bomb  (fig.  9.2),  the  orifices  are  on 
the  body  of  the  bomb,  while  with  another  type  (fig.  9.3),  they  are  'n  a  static- 
pressure  tube  ahead  of  the  bomb.  The  type  of  bomb  shown  in  figure  9.2  is  a 
weighted  body  (IS  lb),  whereas  the  type  shown  in  figure  9.3  has  small  wings  set 
at  a  negative  angle  of  incidence  to  keep  the  bomb  below  the  aircraft.  Both 
types  are  equipped  with  vanes  on  the  afterbody  to  keep  the  orifices  aligned  with 
the  airflow. 

Since  a  trailing  bomb,  like  static-pressure  tube,  may  have  static-pressure 
error,  this  error  should  be  determined  (by  calibration  in  a  wind  tunnel)  so  that 
corrections  for  the  error  can  be  applied.  For  both  of  the  bombs  in  figures  9.2 
and  9.3,  the  static-pressure  error  is  0.5  percent  q^. 

The  length  of  tubing  required  to  place  the  bomb  in  a  region  where  the  local 
static  pressure  approximates  free-stream  static  pressure  was  shown  in  refer¬ 
ence  1  to  be  about  2  times  the  wing  span  of  the  aircraft  (fig.  9.1(a)).  Since 
the  bomb  is  below  the  aircraft,  the  static  pressure  at  the  bomb  is  higher  than 
the  static  pressure  at  the  flight  level  of  the  aircraft.  However,  as  the 
decrease  in  pressure  with  height  inside  the  suspension  tubing  is  the  same  as 
that  of  the  outside  air,  the  pressure  measured  by  the  instrument  in  the  aircraft 
is  the  pressure  at  the  flight  level. 

The  accuracy  with  which  Ap  is  determined  with  the  trailing-bomb  method 
depends  on  (1)  the  accuracy  of  the  measurement  of  difference  between  p' 
and  the  local  pressure  pj  at  the  bomb  and  (2)  how  closely  the  value  of  ?2 
approximates  p.  Sinct  Ap  is  very  small  compared  with  p'  and  o, ,  the  dif¬ 
ference  between  the  two  pressures  is  measured  most  precisely  with  a  sensitive 
differential-pressure  Indicator  or  recorder. 

With  trailing  bombs,  calibrations  Cem  be  conducted  through  a  wide  range  of 
altitudes  and  through  a  speed  range  from  the  stall  speed  to  the  maximum  speed  at 
which  the  bomb  can  be  towed.  This  limi.ting  speed  is  determined  by  the  speed  at 
which  the  suspension  tubing  develops  unstable  oscillations  (ref.  3) .  For  the 
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bomb  in  figure  9.2,  instability  of  the  suspension  tubing  is  encountered  at  a 
Mach  number  of  about  0.4.  The  bomb  in  figure  9.3,  on  the  other  hand,  has  oeen 
tovred  successfully  at  Mach  numbers  as  high  as  0.85  (at  an  altitude  of  38  000  ft). 

The  accuracy  of  the  trailing-bomb  method  with  the  equipment  used  in  the 
tests  of  reference  4  varied  from  about  ±2.0  percent  at  60  knots  (M  =  0.1) 
to  about  ±0.2  percent  q^  at  220  knots  (M  =  0.35). 


Trailing-Cone  nethod 


With  the  trailing-cone  method  (ref.  5) ,  the  static  pressure  measured  by  the 
aircraft  installation  is  compared  with  the  pressure  measured  by  a  set  of  orifices 
near  the  end  of  a  long  length  of  pressure  tubing  trailed  behind  the  aircraft 
(figs.  9.1(a)  and  9.4).  A  lightweight  drag  cone  is  attached  to  the  end  of  the 
tube  to  V;eep  the  tubing  taut. 

The  accuracy  with  which  free-strecun  static  pressure  is  measured  with  a 
trailing  -cone  system  depends  on  the  configuration  of  the  cone  system  (size  and 
shape  of  the  cone  and  position  of  the  orifices  ahead  of  the  cone  (ref.  6) ) ,  on 
the  distance  of  the  cone  behind  the  aircraft,  c.nd  on  the  type  of  the  aircraft 
(size,  configuration,  atui  propulsion  system).  Because  of  the  uncertainties 
associated  with  each  of  these  variables,  trailing-cone  systems  have  not  been 
considered  suitable  for  the  basic  calibration  of  an  aircraft  static-pressure 
installation.  However,  since  the  difference  between  the  pressures  of  the  cone 
system  and  the  aircraft  installation  can  be  measured  with  good  precision  (i.e., 
repeatability) ,  a  calibrated  cone  system  is  useful  as  a  secondary  standard  for 
production  line  testing.  In  practice,  a  cone  system  at  a  given  trail  length 
behind  a  particular  airplane  is  calibrated  by  methods  such  as  the  tower  or 
tracking-radar  methods  for  which  values  of  the  free-stream  static  pressure  are 
determined  with  a  higher  degree  of  certainty.  The  calibrated  cone  system  is 
then  used  for  the  periodic  recalibration  of  the  installation  on  that  airplane 
or  for  the  original  calibrations  on  airplanes  of  the  same  model  (ref.  7). 

With  trailing-cone  systems,  calibrations  can  be  conducted  through  a  wide 
range  of  altitude  and  from  relatively  low  speeds  (defined  by  the  minimum  speed 
at  which  the  pressure  tubing  trails  straight  back)  to  speeds  as  high  as  M  =  1.5 
(ref.  8). 

In  unpublished  tests  of  a  variety  of  cone  systems,  conducted  by  NASA 
Langley  Research  Center,  the  precision  of  the  measurement  of  Ap  was  found  to 
be  ±0.2  percent  q^  at  M  =  0.7  to  0.68. 

Pacer-Aircraft  Method 

With  the  pacer-aircraft  method,  a  measure  of  the  free-stream  static  pres¬ 
sure  is  derived  from  the  calibrated  static-pressure  installation  of  a  pacer 
aircraft  flying  alongside  the  test  aircraft  being  calibrated  (refs.  ?  and  10) . 
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The  difference  between  the  altimeter  indication  H'  in  the  test  air¬ 
craft  and  the  corrected  altimeter  indication  H  in  the  pacer  aircraft  is  found 
from  equation  (S.8) : 

AH  =  H'  -  H  (5.8) 


where  AH  is  the  altitude  error.  The  pressures  p'  and  p  corresponding  to 
the  values  cf  H*  and  H  can  be  found  in  table  A2  of  appendix  A.  The  differ¬ 
ence  iietween  p'  and  p  is  then  the  position  error  Ap  for  the  test  aircraft. 

.  .The  value  of  ..  Ap  can  also  be  .found  from  the  value  of  AH  and  equation  (3.6). 

An  example  of  the  determination  of  Ap  by  the  two  procedures  is  given  in 
part  II  of  appendix  B. 

Since  the  value  of  Ap  (a  small  quantity)  is  determined  as  the  difference 
between  two  large  quantities  (p*  and  p) ,  the  altimeters  in  the  two  aircraft 
should  be  precision  instruments  which,  to  minimize  hysteresis  errors,  should  be 
calibrated  only  to  the  altitudes  at  tdiich  the  tests  are  to  be  conducted.  The 
precision  with  which  Ap  is  determined,  however,  depends  not  only  on  the  accu¬ 
racy  of  the  two  altimeters,  but  also  on  the  degree  to  which  the  two  aircraft 
maintain  formation  flight.  At  very  low  speeds,  the  precision  of  the  measure¬ 
ments  generally  deteriorates  Ibecause  of  an  inability  to  maintain  formation 
flight.  At  high  speeds,  on  the  other  hand,  where  speed  and  position  control  are 
more  precise,  the  value  of  Ap  can  be  determined  with  good  precision 
(iO.2  percent  M  for  M  up  to  1.0  and  altitudes  up  to  35  000  ft  (ref.  10)). 

The  corresponding  precision  in  terms  of  Ap/q^.  is  about  ±0.7  percent  at 
M  0.5  and  about  ±0.2  percent  at  M  =  1.0. 

For  best  results  with  the  pacer-aircraft  method,  the  speed  capability  of 
the  pacer  aircraft  should  be  very  nearly  that  of  the  test  aircraft.  The  speed 
range  of  the  calibration  tests  is  limited  to  speeds  well  above  the  stall  of 
either  aircraft  and  to  the  maximum  level-flight  speed  of  either  aircraft. 

In  a  variation  of  the  pacer-aircraft  method,  a  reference  aircraft  is  flown 
at  constant  altitude  at  a  low  airspeed  for  which  the  position  error  is  known 
(refs.  11  and  12) .  The  test  aircraft  is  then  flown  past  the  reference  aircraft 
in  a  series  of  level-flight,  constant-speed  runs.  The  indications  of  the  altim¬ 
eters  in  the  two  aircraft  are  noted  at  the  instant  the  test  aircraft  flies  past, 
and  the  position  error  of  the  test  aircraft  is  determined  from  the  difference 
between  the  indications  of  the  two  altimeters. 

The  reference-aircraft  method  differs  from  the  pacer-aircraft  method  in 
that  the  installation  in  the  reference  aircraft  requires  a  calibration  at  only 
one  airspeed,  and  the  speed  range  of  the  calibration  of  the  test  aircraft  is  no'. 
limited  to  the  speed  capabil.ity  of  the  reference  aircraft. 

The  accuracy  of  this  method  is  generally  lower  than  that  of  the  pacer- 
aircraft  method  because  of  the  difficulty  in  synchronizing  the  altimeter  indica¬ 
tions  i.n  the  two  aircraft  and  because  the  height  of  the  test  aircraft  at  tiie 
time  of  tne  fly-by  may  differ  from  that  of  the  reference  aircraft. 
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Tovrer  Method 

For  calibrations  with  the  tower  method,  the  aircraft  is  flown  at  'Constant 
speed  and  constant  altitude  past  the  top  of  a  tall  tower  (ref.  11).  For  each 
test  run,  the  position  error  Ap  is  determined  as  the  difference  between 
(1)  the  static  pressure  p*  as  measured  Ijy  the  cockpit  altimeter  at  the  instant 
the  aircraft  passes  the  tower  and  (2)  the  free-strean  static  pressure  p  at 
the  height  of  the  aircraft  determined  by  interpolation  of  measured  values  of  p 
at  a  number  of  points  along  the  to«fer  height  (fig.  9.1(b)). 

_ A.movie.  camera  mounted  with  the _axis  of  _tte  lens  aligned  with  the  hori¬ 
zontal  rs  often  used  to  determine  the  airplane  height.  With  this  technique,  the 
height  increment  AZ  of  the  airplane  with  respect  to  the  lens  axis  is  computed 
from  the  equation: 

AZ  =  ^  Az  (9.1) 

where  I  is  the  length  of  the  aircraft,  1'  is  the  length  of  its  image,  and 
Az  is  the  displacement  of  the  image  from  the  center  line  of  the  film  frame. 

The  aircraft  height  Z  is  then  determined  from  the  elevation  of  the  camera  and 
the  height  increment  AZ. 

It  may  Ise  noted  that  precise  meastires  of  AZ  are  more  important  in  deter¬ 
mining  Ap  in  terms  of  Ap/q^  than  in  terms  of  Ap/p.  For  an  error  of  1  ft 
in  Az,  for  example,  the  error  in  Ap/p  would  be  only  0.004  percent,  whereas 
the  error  in  Ap/q^  would  be  1  percent  at  50  Jcnots,  0.2  percent  at  100  knots, 
and  0.1  percent  at  ISO  knots.  The  reference  point  on  the  aircraft  for  the  AZ 
measurements  should  be  the  vertical  position  of  the  altimeter  in  the  aircraft. 

For  accurate  measurements  of  p',  the  cockpit  altimeter  should  be  a  pre¬ 
cision  instrument,  and  to  minimize  hysteresis  errors,  the  la)x>ratory  calibration 
of  the  instrument  should  be  limited  to  an  altitude  range  only  slightly  greater 
than  the  tower  )ieight.  Since  the  altime‘'er  is  used  to  measure  pressure  rather 
than  altitude,  it  is  convenient  to  calibrate'  the  instrument  as  a  pressure  gage, 
that  is,  in  terms  of  pressure  versus  altimeter  indication. 

The  accuracy  of  the  tower  method  depends  primarily  on  the  accuracy  of  the 
pressure  measurements  p'  and  p,  since  the  height  measurements  (aircraft  and 
press\ire  gradient)  can  be  measured  with  good  accuracy.  To  retain  Che  advantage 
of  the  limited-range  calibration  of  the  altimeter  in  the  laboratory,  the  height 
of  the  aircraft  during  the  calibration  tests  should  at  all  times  be  restricted 
to  t)ie  same  limited  altitude  range. 

The  speed  range  for  calibrations  by  the  tower  method  is  limited  to  air¬ 
speeds  well  above  the  stall  speed  and  up  to  the  maximum  level-flight  speed  of 
the  aircraft  at  the  tower  height. 

In  tests  (unpublished)  of  the  tower  method  at  the  MASA  Langley  Research 
Center,  the  accuracy  of  the  measurement  of  Ap  was  found  to  range  from 
±1.0  percent  q_  at  90  knots  (M  =  0.15)  to  ±0.2  percent  q,.  at  190  knots 
(M  =  0.3). 
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Tracking-Radar  Method 


With  this  high-altitude  calibration  method,  the  position  error  Ap  is 
determined  as  the  difference  between  the  measured  static  pressure  p'  a.id  the 
free-stream  static  pressure  p  which  is  determined  from  measurements  of  the 
height  of  the  aircraft  by  the  tracking  radar  and  from  a  pressure-height  survey 
of  the  test  altitude  range  (ref.  13) . 

The  pressure-height  survey  is  conducted  prior  to  the  calibration  tests  in 
one  of  two  ways:  (1)  by  tracking  a  radiosonde  (transmitting  pressure  measure¬ 
ments)  as  it  ascends  through  the  test  altitude  range  or  (2)  tracking  the  air¬ 
craft'  through  the  test  altitude  range  while  flying  at  a  low  indicated  airspeed 
for  which  the  position  error  Ap  is  known  from  a  calibration  by  a  low-altitude 
method  (fig.  9.1(b)).  With  the  aircraft  tracking  procedure,  the  value  of  p  at 
each  height  is  determined  from  equation  (2.2)  expressed  here  as 


p  =  p'  -  Ap  (9.2) 

where  p*  is  the  static  pressure  measured  by  the  aircraft  installation  and  Ap 
is  the  position  error  of  the  installation  at  the  airspeed  of  the  ascent. 

For  the  higher  speeds  of  the  calibration  test  runs,  the  height  of  the  air¬ 
craft  is  measured  cc  .tinuously  by  the  tracking  radar.  The  position  error  Ap 
at  the  test  airspeed  is  then  determined  from  equation  (2.2)  here  restated  as 

Ap  =  p*  -  p  (2.2) 

where  p*  is  the  pressure  of  the  aircraft  installation  during  the  test  run  and 
p  is  the  free-stream  static  pressure  at  the  height  of  the  aircraft  determined 
from  tlie  pressure-height  survey.  Because  the  pressure-height  relation  may 
change  during  the  period  of  the  tests,  it  is  advis^d}le  to  repeat  the  survey  at 
the  conclusion  of  the  test  runs. 

With  the  tracking-radar  method,  calibrations  can  be  conducted  in  dives  as 
well  as  in  level  flight.  The  accuracy  of  the  method,  as  determined  by  calibra¬ 
tion  tests  to  be  described  later  in  the  chapter,  is  about  tO.2  percent  q^  at 
M  =  0.5  and  iO.l  percent  q^  at  M  =  0.88. 

It  may  be  noted  that  this  calibration  r-ethod  has  also  been  used  with  other 
types  of  ground-tracking  equipment  such  as  the  radar-phototheodolite  of  refer¬ 
ences  14  and  15  and  the  phototheodolite  of  reference  16. 


Radar- Altimeter  Method 

v;ith  this  high-altitude  method,  the  position  error  ot  the  aircraft  instal¬ 
lation  is  derived  from  the  heigh*,  of  the  aircraft  measured  with  an  onboard  radar 

altifc: _  t"d  from  a  pressure-height  survey  of  the  test  altitude  range  (ref.  17). 

The  pressure-ht-ght  survey  is  conducted  by  flying  the  aircraft  at  a  low,  constant 
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airspeed  for  which  the  position  error  is  known  from  a  calibration  by  one  of  the 
low-altitude  methods. 

Because  of  the  height-measuring  characteristics  of  the  radar  altimeter,  the 
calibration  tests  are  restricted  to  level-flight  runs  and  to  test  areas  over  a 
level  gro’jnd  reference  plane,  such  as  a  large  body  of  water. 

The  accuracy  of  the  method  at  a  Mach  number  of  0.8  and  an  altitude  of 
30  000  ft  is  about  ±1  percent  g^  (ref.  17) . 


Ground-Camera  Method 

For  calibrations  with  this  method,  the  aircraft  is  flown  in  a  series  of 
constant-speed,  level-flight  runs  over  a  camera  located  on  the  ground  (ref.  13). 
For  each  test  run,  the  position  error  Ap  is  determined  as  the  difference 
between  (1)  the  static  pressure  p*  measured  by  the  aircraft  installation  when 
the  aircraft  is  directly  above  the  camera  and  (2)  the  free-stream  static  pres¬ 
sure  p  confuted  from  the  measured  height  of  the  aircraft,  measured  values 
of  p  and  T  at  the  camera  station,  £utd  the  assumption  of  a  standard  tempera¬ 
ture  gradient.  The  height  of  the  aircraft  above  the  camera  is  calculated  on 
the  basis  of  the  dimensions  of  the  aircraft  and  its  film  image  and  the  focal 
length  of  the  camera  lens  (fig.  9.1(c)). 

The  calibration  tests  with  the  camera  method  are  iimited  to  speeds  well 
above  the  stall  and  up  to  the  maximum  level-flight  airspeed  of  the  aircraft  at 
the  height  of  the  tests.  Since  the  application  of  the  method  requires  the 
assimiption  of  a  standard  temperature  gradient,  accurate  measurements  of  the 
free-stream  static  pressure  can  be  realized  at  heights  no  gr  .ter  than  about 
SOO  ft. 

.  The  accuracy  of  the  method,  as  determined  in  calibration  tests  to  be 
described  later  in  the  chapter,  is  about  iO.2  percent  at  200  knots 

(M  =  0.3)  and  ±0.1  percent  q^  at  320  knots  (M  =  0.5). 

In  another  method  for  determining  the  height  of  an  aircraft  with  a  camera, 
a  movie  camera  is  installed  in  the  aircraft  with  the  camera  lens  feeing  downward 
(ref.  18).  The  camera  photographs  reference  marks  on  a  runway  as  the  aircraft 
flies  at  a  constant  speed  and  altitude  along  the  runway.  Its  height  above  the 
runway  is  then  determined  from  the  geometry  of  the  camera  lens  system  as  in  the 
ground-camera  method. 

With  another  calibration  technique  for  measuring  aircraft  heights  near  the 
ground,  the  height  is  determined  from  ff-.asurements  of  elevaticn  angles  with  a 
theodolite  (ref.  19).  With  two  theodolites  located  an  equal  distance  on  each 
side  of  a  ground  course,  the  height  of  an  aircraft  flying  at  constant  altitude 
along  the  ground  course  is  determined  from  the  intersection  of  the  two  lines  of 
sight  to  the  aircraft.  The  theodolite  used  in  the  tests  of  reference  14  was  a 
simple  angle-measuring  device  called  a  sighting  stand. 
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Tracking- Radar /Pressture-AItioeter  Method 

For  calibration  tests  with  this  high-altitude  method,  the  aircraft  is  first 
stabilized  at  a  selected  height  and  at  a  low  airspeed  for  vdiich  the  position 
error  Ap  is  known  from  a  calibration  by  one  of  the  low-altitude  methods.  The 
aircraft  is  then  accelerated  at  a  constant  altitiide  (cor.star.t  p')  indicated  by 
the  cockpit  altimeter  (ref.  10).  During  the  calibration  test  run,  the  variation 
of  tp  with  airspeed  causes  the  pilot  to  vary  the  height  of  the  aircraft  in 
order  to  maintain  constant  p*.  At  any  given  airspeed,  therefore,  the  change  in 
height  corresponds  to  a  change  in  free-stream  static  pressure  from  which  the 
position  error  Ap  can  be  determined  from  the  following  equation: 


Ap  =  pi  -  (Pj^  -  6p)  (9.3) 

where  p^  is  the  initial  (and  constant)  value  of  the  static  pressure  measured 
by  edjTcraft  installation,  pj^  is  the  free-stream  static  pressure  at  the  initial 
height,  and  Ap  is  the  change  in  free-stream  static  pressure  corresponding  to 
the  change  in  height  (fig.  9.1(d)). 

The  initial  height  2j^  of  the  aircraft  and  the  change  in  height  Az  from 
the  initial  height  are  determined  from  continuous  measurements  with  a  tracking 
radar.  The  free-stream  values  of  p,  q^.,  and  T  at  the  initial  height  are 
determined  from  the  initial  indicated  values  p',  q^,  and  T’  corrected  for 

the  lonown  position  error  Apj_  at  the  initial  airspeed.  The  pressure  increment 
6p  corresponding  to  a  height  increment  Az  is  confuted  from  equation  (3.3), 
expressed  here  as 

6p  =  -gpj^  Az  (9.4) 

where  is  the  density  at  the  initial  height  and  is  calculated  from  equa¬ 

tion  (3.1),  stressed  here  as 


Pi  = 

where  p^  and 
Since  p^ 


Po^i 


Tg  are  the 


Pi  +  Apj, 


(9.5) 

standard  sea- level  values. 

pj^  can  be  substituted  in  equation  (9.3)  to  yield 


Ap  =  Apj  +  5p 


(9.6) 


Since  the  values  of  p  during  the  calibration  test  run  are  based  on  a 
constant  value  of  p  determined  at  the  initial  height,  the  accuracy  in  the 
determination  of  6p  varies  with  AZ.  Whenever  AZ  is  too  great  for  accurate 
determinations  of  6p  from  a  single  initial  height,  successive  sets  of  i.iitial 
conditions  ca.n  be  established  at  various  points  during  the  flight. 
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The  accxiracy  of  this  oethod,  as  deterained  in  the  tests  reported  in  ref¬ 
erence  10«  varies  from  about  iO.OUt  at  M  »  0.5  to  about  ro.02M  at  M  3.0. 
The  corresponding  errors  in  terns  cf  Ap/q^  are  ±3.5  percent  and  ±0.1  percent. 


Accelerometer  Method 

In  the  acceleroewter  Mthod  (ref.  20),  the  value  of  Ap  is  determined  from 
tN*  aie2Mured  static  pressure  p*  and  the  free-stream  static  pressure  p  cal¬ 
culated  from  the  value  of  p  at  an  Initial  reference  height.  The  value  of  p 
at  the  reference  height  is  established  by  flying  the  aircraft  at  a  constant, 
lo«  airspeed  for  which  the  position  error  Ap  is  )cno%m  from  a  calibration  by  a 
low-altitude  method.  The  ctiange  in  p  from  its  initial  value  is  derived  from 
the  change  in  height  from  the  initial  height  which  is  calculated  from  measure¬ 
ments  of  the  accelerations  and  pitch  attitude  of  the  aircraft  (fig.  9.1(d)). 

The  application  of  the  method  is  restricted  to  vertical-plane  maneuvers 
from  the  initial  stabilized  condition.  During  the  maneuver,  the  variation  of  p 
with  height  Z  is  obtained  from  equation  (3.4): 

dp  =  -  sP-  dZ  (3.4) 

RT 

The  value  of  T  can  be  derived  approximately  from  the  measured  temperature  T* 
and  equation  (3.28) .  Since  the  value  of  M  in  this  equation  is  not  Icnown,  the 
value  of  T  at  any  given  airspeed  in  the  test  run  ca»  be  stated  in  terms  of  .M* 
as  follows : 


T 


T* 

1  +  0.2Km’^ 


(9.7) 


vdtere  K  is  the  recovery  factor  of  the  temperature  probe  and  Y  in  equa¬ 
tion  (3.28)  is  1.4.  Since  the  use  of  M*  in  equation  (3.28)  results  in  a  small 
error  in  the  value  of  p  in  equation  (3.4);  two  or  more  approximations  may  be 
necessary. 

The  integration  of  equation  (3.4)  results  in  following  -quation: 


where  the  subscript  1  refers  to  initial  conditions. 

Substitution  of  p'  for  p  in  the  right  side  of  equation  (9.8)  and 
further  substitution  of  equation  (9.7)  for  T  results  in 


131 


Th*  v«lu«s  of  n  may  be  selected  so  that  only  one  approximation  is  required  for 
the  detensination  of  p  (appendix  A  of  ref.  20).  For  a  value  of  K  near  unity 

y  -  1 

and  for  subsonic  and  low  supersonic  speeds,  a  value  of  n  of  — - —  or  0.286 
qives  satisfactory  results. 

The  change  in  height  dZ  in  equation  (9.9)  may  be  determined  from  the 
vertical  velocity  cooputed  from  (1)  values  of  p'  and  T'  for  an  initial  con¬ 
dition  %diere  Ap  is  known  and  (2)  the  vertical  acceleration  computed  from 
measurements  of  normal  and  longitudinal  accelerations  and  pitch  attitude  angles: 


dZ  » 


dt 


dt 


where  t  is  time  and  the  initial  vertical  velocity  v^  is 


and 

ay  »  a2  cos  e  -  a^  sin  0  -  g 


(9.10) 


(9.11) 


(9.12) 


where  a^  is  the  vertical  acceleration,  a2  is  the  normal  acceleration, 
a^  is  the  longitudinal  acceleration,  and  6  is  the  pitch  attitude  angle  of 
the  aircraft. 

For  any  given  instant  during  the  calibration  test  run,  the  difference 
between  the  value  of  p  determined  from  equation  (9.9)  and  the  measured  value 
of  p*  is  the  position  error  Ap  of  the  aircraft  installation  at  that  instant. 

The  application  of  the  accelerometer  method  requires  the  continuous  measure¬ 
ment  of  p',  q^,  T' ,  a2,  a^r  and  6  against  a  time  scale.  The  pressures, 

teoperatures,  and  accelerations  should  be  measured  with  research-type  recording 
instruments.  For  the  measurement  of  T',  the  recovery  factor  K  of  the  tenpera- 
ture  probe  should  be  very  nearly  1.0.  The  attitude  angle  9  can  be  measured 
with  a  horizon  camera,  a  Sun  camera,  or  an  attitude  gyroscope.  A  detailed  dis¬ 
cussion  of  the  problems  associated  with  the  use  of  each  of  the  three  actitude- 
auigle  measuring  instruments  is  given  in  reference  20. 

The  accuracy  of  the  method  depends  primarily  on  the  accuracy  in  the  deter¬ 
mination  of  9  and  the  accuracy  of  the  acceleration  measurements.  In  a  flight 
evaluation  of  *-he  accuracy  of  the  method  (ref.  20) ,  the  position  error  Ip  of 
an  aircraft  installation  was  determined  with  an  accuracy  of  about  tO.5  per¬ 
cent  q^  in  shallow  dives  from  an  altitude  of  31  000  ft  at  .'tech  numbers  from  0.6 
to  0.8. 
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Nith  the  restriction  that  maneuvers  during  the  test  runs  be  conducted  in  a 
vertical  plane,  calibration  data  can  be  obtained  with  the  aircraft  in  level 
flight,  climbs,  dives,  push-doms,  pull-outs,  or  any  combination  of  these  maneu¬ 
vers.  The  test  maneuver  should  cover  as  short  a  time  interval  as  practical 
(less  than  2  sdnutes)  in  order  to  avoid  an  acctasulation  of  errors  in  the 
SKasureawnts . 


Recordlng-Thermo^ter  Method'  * 

With  this  high-altitude  method,  values  of  Ap  are  determined  from  values 
of  p*  Bieasured  by  the  aircraft  installation  and  values  of  the  free-stream 
static  pressure  p  derived  from  a  pressure-tesperature  survey  of  the  test 
altitude  range  (ref.  21) . 

The  p/T  relation  is  dei.£rr*ined  by  flying  the  aircraft  at  a  low  airspeed 
for  which  the  value  of  Ap  of  the  static-pressure  installation  is  known  from 
a  calibration  by  a  lo%»-altitude  calibration  method.  The  value  of  T  at  the 
survey  airspeed  is  determined  from  measurements  of  T*  and  equation  (3.28) 
with  y  «  1.4s 


T  » 


T* 

1  +  0.2KM^ 


(9.13) 


vdiere  K  is  the  recovery  factor  of  the  temperature  probe  and  M  is  derived 
from  values  of  and  p*  (both  corrected  for  the  value  of  Ap  at  the  survey 

speed).  As  noted  in  chapter  III,  the  use  of  equation  (3.28)  requires  that  K 
be  near  unity. 


For  tlM  calibration  test  runs,  continuous  recordings  are  made  of  p',  q^, 

and  T* .  Then,  at  any  given  instant  during  the  test  run,  the  value  of  p  can 
be  obtained  as  a  function  of  T  from  the  measured  value  of  T’ .  equation  (9.13), 
and  equations  (3.23)  and  (3.24),  expressed  here  (with  y  ~  1.4)  as 


£t 

P 


(1  ♦  0.2m2)^-® 


(M  S  1) 


and 


(9.14) 


P 


1.2M^ 


Vs.eM-^  -  0.8/ 


1) 


idiere  p^  is  derived  from  measured  values  of  p'  and  q^.  Combini.ng  equa¬ 
tions  (9.13)  and  (9.14)  and  elisiinating  M  yields  the  following  cqu.«tions: 


and 


(9.15) 


Equation  (9.  IS)  is  an  eiqiression  of  another  p/T  curve  which,  when  coiiq>ared 
with  the  p/*r  survey  plot,  yields  an  intersection  that  defines  the  values  of 
p  and  T  for  the  ast  condition. 

The  accuracy  of  the  recording  thermometer  method  depends,  for  the  most 
part,  on  the  variation  of  the  free-air  tei^rature  T  with  time  and  dis¬ 
tance  (both  vertical  and  horizontal) ,  on  the  value  of  the  recovery  factor  K, 
and  on  the  accuracy  with  which  K  is  known. 

The  effects  of  atmospheric  temperature  variations  can  be  minimized  by  con¬ 
ducting  the  calibration  tests  on  days  when  the  thermal  currents  at  the  test  alti¬ 
tudes  are  very  small  or  at  altitudes  where  the  thermal  currents  are  negligible 
(generally  above  35  000  ft) .  The  effects  of  air  temperature  variations  can  also 
be  reduced  by  repeating  the  p/T  surveys  at  various  times  during  the  calibration 
tests.  Since  there  is  no  teiiq>erature  gradient  at  altitudes  above  35  000  ft,  the 
accuracy  of  this  calibration  method  iiq>roves  appreciably  at  these  altitudes.  At 
altitudes  below  35  000  ft,  for  example,  an  error  of  1°  F  in  the  measurement 
of  T*  at  !  =  0.8  corresponds  to  an  error  in  M  of  about  0.02.  Above 
35  000  ft,  the  error  in  M  for  a  temperature  error  of  1*^  F  would  be  1/3  of 
this  value. 

For  altitudes  below  35  000  ft,  an  error  of  0.01  in  the  value  of  K  (for  K 
of  unity)  corresponds  to  an  error  in  M  of  about  0.01  at  M  -  0.8.  For  higher 
altitudes,  the  error  in  H  is  appreciably  lower. 

With  pressure  recorders  having  an  accuracy  of  0.25  percent  of  full  scale, 
the  combined  error  in  the  measurement  of  p’  and  produces  an  error  in  F. 

of  about  0.004  at  H  0.8  and  30  000  ft  (ref.  21). 

The  accuracy  of  the  method  at  M  ^  0.8  and  an  altitude  of  30  000  ft  based 
on  the  errors  given  for  7* ,  K,  p* ,  and  q^  is  estimated  to  be  about 
±2.3  percent  M.  The  corresponding  error  in  Ap/q^.  is  about  ±4.5  percent. 


Trailing-Anemometer  Method 

With  this  calibration  method,  the  position  error  Ap  of  the  aircraft 
installation  is  derived  from  measured  values  of  true  airspeed  V,  impact 
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pressure  q^,  static  pressure  p*,  auid  air  teiqkerature  T'.  Tbe  true  airspeed 
is  neasured  with  a  wind-driven  anenometer  suspended  on  a  long  cable  belcw  the 
aircraft  (ref.  22) . 

For  speeds  below  M  >  0.2,  the  effects  of  compressibility  are  sufficiently 
small  that  can  be  approximated  (within  1  percent)  by  q.  Therefore,  from 

equation  (3.10), 

Ic  *  J  (M  ^  0.2)  (9.16) 

In  equation  (1.1),  p^  can  usually  be  considered  correct,  so  that 

-  Pt  -  P'  (9.17) 

From  equation  (2.2), 


p*  »  p  +  dp 

By  combininq  equations  (9.17)  and  (9.18), 
“  Pt  "  <P  +  Ap) 

Then,  since  q^  *  Pt  ”  P» 
q^.  *  q^  +  dp 


(9.18) 


(9.19) 


(9.20) 


Equation  (9.16)  can  then  be  written  as 


q;  +  dp  s  j  pv2 


(M  ^  0.2)  (9.21) 


With  the  substitution  of  equation  (3.2) , 


P 


.E. 

RT 


for  p  in  equation  (9.21) , 


ql  +  dp  C 

^  2RT 


(3.2) 


(H  S  0.2)  (9.22) 


With  the  further  substitution  of  p'  -  dp  for  p  (eq.  (9.2))  and  T'  for  T 
(since,  for  M  ^  0.2,  T'  =  T) ,  equation  (9.22)  becomes 
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q-  +  Ap  S  (g.:.  - 

^  ^  2RT* 


(M  »  0.2)  (9.23) 


The  position  error  Ap  can  then  Le  found  from  the  following  equation; 


t'  *  • 

2RT*  ~ 

u2 


(M  ^  0.2) 


(9-24) 


The  anemmeter  assembly  of  reference  22  consists  of  (1)  a  small  six-bladed, 
low-inertia  propeller  that  activates  a  self-generating  tachometer,  (2)  a  low^ 
drag  housing  with  tail  fins  to  keep  the  body  aligned  with  the  airstream,  and 
(3)  a  support  cable  that  transmits  the  tachometer  signals  to  a  magnetic  tape 
recorder  in  the  aircraft  (fig.  9.5). 

The  rotational  speed  of  the  anenosteter  propeller  is  proportional  to  true 
airspeed.  Accurate  measurements  of  true  airspeed  are  realized,  however,  only 
when  the  anemometer  is  trailed  in  a  region  where  the  local  velocity  is  that  of 
the  free  stream,  that  is,  where  the  velocity  induced  by  the  flow  around  the  air¬ 
craft  is  zero  (or  nearly  so) .  An  example  of  an  induced  velocity  field  below  an 
airplane  is  presented  in  figure  9.6  as  contours  of  constant  velocity  ratios 
u/w,  where  u  is  the  horizontal  con^nent  of  induced  velocity.  The  vertical 
and  horizontal  distances  below  the  airplane  are  given  in  terms  of  the  fractions 
z/b  and  x/b,  where  b  is  the  wing  span.  Also  sliown  in  the  figure  are  ane¬ 
mometer  positions  (with  a  100-ft  cable  length)  for  the  airpla.-ie  at  a  low  speed 
with  flaps  down  and  at  a  high  speed  with  flaps  up.  For  both  anemometer  posi¬ 
tions,  the  induced  velocity  is  essentially  zero  and,  since  =  V  -  u,  the 
local  velocity,  is  very  nearly  the  free-stream  velocity. 

The  usable  speed  range  of  the  anemometer  system  of  figure  9.5  is  from 
7  knots  to  about  165  knots  (the  speed  at  which  the  suspension  cable  develops 
unstable  oscillations).  Because  of  the  M  =  0.2  limitation  of  this  method, 
however,  the  maximum  speed  of  the  calibration  tests  is  restricted  to  airspeeds 
of  about  130  knots  at  altitudes  near  sea  level. 

In  tests  of  the  anemometer  of  figure  9.5  with  impact  pressure  recorders  of 
widely  differing  sensitivities,  the  accuracy  of  the  calibration  tes  s  with  the 
most  sensitive  recorder  was  ±0.5  knot  at  40  knots,  while  that  with  .le  least 
sensitive  recorder  was  ±3.0  knots  at  50  knots.  The  effect  of  this  single  ele¬ 
ment  of  the  instrumentation  on  the  accuracy  of  the  test  results  illustrates 
the  fact  that  the  stated  accuracy  of  a  calibration  method  is  dependent  not  only 
on  the  inherent  accuracy  of  the  calibration  technique,  but  also  on  the  accu¬ 
racies  of  each  of  the  component  instruments.  For  an  insight  into  the  contri¬ 
bution  of  the  various  component  errors  for  the  anemometer  tests  of  reference  22, 
the  reader  is  referred  to  table  I  of  that  report. 
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For  the  anemometer  system  having  an  accuracy  of  ±0.S  knot  at  40  knots 
(M  ■  0.08),  the  accuracy  at  100  knots  (M  ^  0.16)  was  also  ±0.5  knot.  The  cor¬ 
responding  accuracies  in  terns  of  Ap/g^  are  ±2.5  percent  and  ±1  percent. 


Speed-Course  Method 

The  measured  quantities  and  equations  for  the  measurement  of  Ap  by  the 
speed-course  method  axe  the  same  as  those  for  the  trailing-anemometer  method. 
‘Kith- the -speed-course  method,  however,  the  true  airspeed  is  derived  from  mea¬ 
surements  of  the  ground  speed  of  the  aircraft  and  the  wind  speed  at  the  flight 
level  (ref.  23) . 

The  ground  speed  is  determined  by  measuring  the  time  for  the  aircraft  to 
fly,  in  a  constauit  indicated  airspeed  and  altitude,  between  landmarks  a  known 
distance  apart.  The  wind  speed  at  the  flight  level  can  be  measured  by  a  wind- 
speed  indicator  or  the  effects  of  the  winds  can  be  effectively  canceled  by  fly¬ 
ing  a  triangular  course  or  by  flying  in  opposite  directions  along  a  straight- 
line  course.  For  best  results,  the  tests  should  be  conducted  when  the  wind 
speed  is  near  zero,  such  as  the  period  just  after  sunrise  or  before  sunset. 

The  values  of  q^,  p',  and  T*  needed  for  the  solution  of  equation  (9.24) 

C2m  be  derived  from  measurements  with  am  airspeed  indicator,  pressure  altimeter, 
and  indicating  thermometer.  From  values  of  the  indicated  airspeed  V£,  the 
value  of  q^  can  be  calculated  from  the  equation, 

<Ic  2  (9-25) 

where  the  unit  of  is  slugs  per  cubic  foot  and  the  unit  of  is  feet 

per  second. 

The  application  of  the  speed-course  method  is  limited  to  airspeeds  well 
above  the  stall  speed  aund  up  to  maximum  speeds  defined  by  the  M  =  0.2  limita¬ 
tion  referred  to  in  the  preceding  discussion,  namely,  about  130  knots  at  alti¬ 
tudes  near  sea  level. 

The  accuracy  of  the  method  is  largely  dependent  on  the  accuracy  of  the  time 
measurements  of  the  speed  run,  the  constancy  of  the  wind  speed,  and  the  constancy 
of  the  airspeed  throughout  the  speed  run. 


Sonic-Speed  Method 

With  the  sonic-speed  method  (ref.  15),  the  position  error  Ap  is  derived 
from  the  Mach  number  error  AM  which  is  defined  as 

Am  =  M'  -  M  (5.10) 


where  M  is  the  free-stream  Mach  number  and  M*  is  the  indicated  Mach  number 
which  is  derived  from  measurements  of  q'  and  p' .  , 


The  value  of  M  is  derived  front  equation  (3.21) : 


M  =  V/a 


(3.21) 


where  V  is  the  true  airspeed  of  the  aircraft  and  a  is  the  speed  of  sound  at 
the  level  of  che  test  runs.  The  true  airspeed  V  is  determined  from  the  ground 
speed  of  the  aircraft  and  the  wind  speed  at  the  flight  level,  and  the  speed  of 
sound  a  is  derived  from  the  free-^ir  teiqperature  T  at  the  flight  level  and 
equa^on  {3.27). 


For  the  calibration  tests,  the  aircraft  is  flown  in  a  series  of  constant- 
speed,  level-flight  runs  during  which  the  ground  speed  and  the  height  of  the 
aircraft  are  measured  with  a  tracJcing  radar.  Prior  to  the  test  runs,  the  varia¬ 
tions  of  wind  speed  and  free-air  tenperatiire  with  height  are  determined  by 
traclcing  a  rawinsonde  through  the  test  altitude  range. 

The  values  of  AM  determined  by  this  method  C£m  be  converted  to  values 
of  Ap/p  or  Ap/q^  by  means  of  equations  (5.4)  through  (5.7). 

The  accuracy  of  the  method  depends  on  the  accuracy  of  the  rawinsonde 
thermometer  and  the  accturacy  of  the  ground-traclcing  equipment  in  measuring  the 
speed  and  height  of  the  aircraft  and  the  rawinsonde. 

In  calibration  tests  with  the  sonic-speed  method  using  a  radar- 
photo  theodolite  for  ground  tracking  (ref.  15) ,  the  accuracy  in  the  measurement 
of  the  ground  speed  of  the  airplane  was  found  to  be  50  to  75  ft/ sec.  The  accu¬ 
racy  of  the  measurement  of  wind  speed  was  found  to  depend  on  the  height  and 
elevation  angle  of  the  rawinsonde  from  the  tracking  station;  at  a  height  of 
50  COO  ft  and  an  elevation  angle  of  20P,  the  accuracy  of  the  wind-speed  measure¬ 
ment  was  1.8  knots.  The  accuracy  of  the  measurements  of  the  height  of  the  air¬ 
plane  and  the  rawinsonde  was  about  100  ft,  and  the  accuracy  of  the  tengwrature 
measured  by  the  rawinsonde  thermometer  was  about  1*^  C. 

In  an  analysis  based  on  the  foregoing  accuracies,  the  accuracy  in  the 
measurement  of  Mach  number  was  estimated,  in  reference  15,  to  be  about  0.06M 
at  M  =  1.0  and  altitudes  between  50  000  and  80  000  ft.  The  corresponding 
error  in  Ap/q^  at  M  =  1.0  is  about  8  percent. 


Total-Tenroerature  Method 


With  the  total- temperature  method  (ref.  24) ,  the  position  error  Ap  is 
derived  from  AM  =  M*  -  M,  where  M’  is  determined  from  q^  and  p'  and  M 
is  calculated  from  equation  (3.28)  with  y  =  1.4,  here  expressed  as 


(9.26) 


where  T  is  the  free-air  temperature,  T’  the  measured  (or  total)  tempeiot  .»re, 
and  K  the  recovery  factor  of  the  temperature  probe.  As  noted  in  chapter  III, 
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equation  (3.28)  is  valid  only  when  K  <•  1  or  when  the  probe  is  located  in  a 
reqion  where  the  local  velocity  is  equal  to  the  free-stream  velocity  V. 

Since  Vj  in  the  regions  near  the  aircraft  where  a  probe  might  be  located  is 
usually  different  from  V,  the  application  of  this  method  requires,  essentially, 
that  the  recovery  factor  of  the  probe  be  1. 

The  calibration  tests  are  conducted  by  flying  the  aircraft  in  a  series  of 
speed  runs  during  which  the  height  of  the  aircraft  is  measured  with  ground¬ 
tracking  equipment  and  T‘,  q^,  and  p'  are  measured  with  recording  instru¬ 

ments.  The  value  of  T  at  the  height  of  the  test  mn  is  derived  from  a 
)  temperature-height  survey  which  is  made  prior  to  the  calibration  tests  by  track¬ 
ing  a  radiosonde  (tr£msmitting  temperature  measurements)  through  the  test  alti¬ 
tude  range. 

As  in  the  case  of  the  sonic-speed  method,  the  values  of  AM  derived  from 
M*  and  M  can  be  converted  to  values  of  Ap/p  or  Ap/q^  by  use  of  equa¬ 
tions  (5.4)  through  (5.7). 

The  accuracy  of  the  calibration  method  depends,  for  the  must  part,  on  the 
accuracies  in  the  measurement  of  T*  and  T. 

In  one  series  of  calibration  tests  using  the  total- temperature  method 
(ref.  24),  the  overall  accuracy  in  the  measurement  of  T  (including  accuracies 
of  radiosonde  thermometer  and  ground-tracking  equipment)  was  estimated  to  be 
±2.5®  F.  The  accuracy  of  the  measurement  of  T*  by  the  recording  thermometer 
was  about  ±1®  F.  For  these  two  accuracies  in  the  temperature  measurements,  the 
accuracy  of  the  value  of  M  was  estimated  to  be  about  ±0.02M. 


In  a  later  series  <  f  tests  (ref.  10) ,  the  accuracy  of  the  determir.i*-ion 
of  M  was  found  to  range  from  iO.OlM  at  M  »-■  1.5  (30  000  ft)  to  ±0.04M  at 
M  =  3.0  (60  000  to  70  000  ft).  The  corresponding  errors  in  terms  of  Ap/q^. 
are  ±0.5  percent  and  ±2.0  percent. 


Calibrations  by  Ground-Camera  and  Tracking-Radar  Methods 

In  this  section,  a  series  of  tests  designed  to  determine  the  accuracies 
that  can  be  realized  with  the  ground-camera  and  tracking-radar  -^thods  is 
desc^.^d.  These  two  methods  were  selected  for  accuracy  tests  (ref.  13)  because 
(1)  the  ground-camera  method  like  the  tower  method  provides  accurate  determina¬ 
tions  of  the  free-stream  static  pressure  at  heights  near  the  ground,  while  at 
the  same  time  allowing  greater  flexibility  in  the  choice  of  test  heights  and 
locations,  and  (2)  the  tracking-radar  method,  using  the  aircraft  tracking  pro¬ 
cedure  for  measuring  static  pressure  in  the  pressure-height  survey,  provides 
the  most  direct  means  of  deriving  precise  measures  of  free-stream  static  pres¬ 
sure  at  high  altitudes. 

The  tests  of  the  two  calibraticr.  methods  were  conducted  using  a  large 
turl»jet  transport  as  the  test  vehicle.  The  calibration  tests  with  the  ground- 
camera  method  were  conducted  at  heights  of  about  500  ft  and  those  with  the 
tracking-radar  method  at  altitudes  of  about  25  000  ft. 
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Test  instrumentation.-  The  pressure-measuring  instruments  used  for  noth 
calibration  methods  consisted  of  an  airspeed-altitude  recorder  and  a  recording 
statoscope  (fig.  9.7).  The  airspeed-altitude  recorder  was  connected  to  the 
service  pitot-otatic  installation  of  the  airplane  and  the  recording  statoscope 
to  the  static-pressure  source  (fuselage  vents)  cf  that  installation. 

The  recording  statoscope  is  a  sensitive  drfferential-pressure  instrument 
which >  for  these  tests,  measured  the  difference  tie tween  the  pressures  from  the 
fuselage-vent  system  and  a  constant  reference  pressure  in  a  thermostatically 

controlled  chamber. _ Sincejthe  refere^e  pressure  in  the  chamber  could  be  fixed 

at  any  selected  height,  the  difference  between  the  static  press  re  at  that  height 
and  the  static  pressure  at  other  heights  could  be  measured  more  precisely  with 
the  statoscope  than  with  the  recording  altimeter. 

The  pre<;sures  measured  by  both  the  recording  statoscope  and  the  airspeed- 
altitude  recorder  were  recorded  as  traces  along  a  moving  photographic  film. 

Each  of  the  recorders  was  equipped  with  an  event-marking  device  for  synchronizing 
the  measured  pressures  with  the  heights  of  the  airplane  measured  with  the  ground 
camera  or  tracking  radar. 

The  instrumentation  for  the  ground-camera  method  consisted  of  a  5  by  5  in. 
single-exposure  camera  having  a  7-in.  focal  length,  a  mercury-in-glass  thermom¬ 
eter,  a  precision  altimeter,  and  a  radio  transmitter  (fig.  9.8).  The  carcra  was 
mounted  with  its  optical  axis  aligned  with  the  vertical  and  was  equipped  with  a 
sighting  device  to  aid  in  photographing  the  airplane  when  it  was  directly  over¬ 
head.  By  transmitting  a  radio  signal  the  instant  he  actuated  the  camera,  the 
photographer  synchronizec  the  records  of  the  instnnner.fcs  in  the  airplane  with 
the  photograph  of  the  airplane.  At  the  time  of  each  test  run,  the  atmospheric 
pressure  and  temperature  at  the  camera  station  were  measured  with  the  altimeter 
cuid  the  thermometer. 

Ths  precision-tracking  radar  was  used  for  the  ground-radar  method 
(fig.  9.9).  This  x^.dar  provided  measurements  of  elevation  angle  and  slant 
range  from  which  the  geometric  height  of  the  airplane  could  be  cong;uted.  The 
elevation  emgle  and  slant  ra”ge  were  recorded  on  a  magnetic  tape  which  wis  syn¬ 
chronized  with  the  records  cf  the  airborne  instruments  by  radio  signals. 

Ground-camera  tests.-  With  the  airplane  at  rest  on  the  ground  ptior  to  the 
test  runs,  the  statoscope  chamber  was  sealed  and  the  pressure  in  the  chamber 
recorded.  The  airplane  was  then  floim  over  the  camera  at  an  altitude  of  about 
500  ft  at  a  succession  of  test  airspeeds.  When  the  airplane  returned  to  the 
ground,  the  pressure  in  the  st.- ooscope  was  recoiv'sd  again  to  measure  any  differ¬ 
ence  from  the  initial  recording. 

The  pressure  recorded  by  the  statoscope  when  the  airplane  is  above  the 
camera  is  the  sum  of  '1)  the  difference  between  the  static  pressure  at  the 
ground  level  where  the  statoscope  was  sealed  and  the  static  pressure  at  the 
flight  level  of  the  airplane  and  (2)  the  position  error  of  the  static-pressure 
installation. 
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As  Shown  in  figure  9.10«  the  flight  level  Z  of  the  airplane  is  determined 
from  the  elevation  of  the  camera  station,  the  height  h^  of  the  camera 

lens  a^ove  E^,  and  the  height  h  of  the  airplane  above  the  camera  lens,  mea¬ 
sured  at  the  level  of  the  wing  tips.  For  airplanes  with  wings  tnat  flex  upward 
in  flight,  the  value  of  h  Is  adjusted  by  an  amount  Ah  to  account  for  the 
deflection  of  the  wing  tips.  The  height  h  is  calculated  from 

!  **  ®  (9.27) 

I  wh«e  wing ‘span'bf ■the''airplane, —  b’~the'span  of  the  airplane  image 

I  on  the  photographic  film,  and  f  the  focal  length  of  the  camera  lens. 

! 

I  Since  the  reference  height  at  which  the  statoscope  is  sealed  is  Z^,  the 

I  difference  between  this  height  cmd  the  flight  level  is  Z  -  Z^  =  AZ.  The 

i  decrease  in  the  static  pressure  Sp^  through  this  height  increment  is  computed 
from  equation  (3.3)  expressed  here  as 

t  ^Pc  *  -Pm  AZ  (9.28) 

I  where  0^  is  the  density  at  the  midpoint  between  and  Z.  The  density  at 

;  the  mii4>oint  is  confuted  from  the  following  equation: 


(9.29) 


where  P  is  the  density  at  the  camera  (determined  from  measurements  of  p 
,  and  T  at  that  elevation) ,  is  the  standard  density  at  the  Ccunera  elevation, 

\  and  Pg^iQ  is  the  standard  density  at  the  midpoint. 

!  The  position  error  Ap  of  the  aircraft  installation  is  then  determined 

from 


Ap  =  6p  -  <5pg  (9.30) 

where  6p  is  the  pressure  increment  measured  by  the  statoscope  and  6p^  is 
the  pressure  increment  coiiq>uted  from  equation  (9.28). 

A  saiiq>le  calculation  of  the  determination  of  Ap  by  the  ground-camera 
method  is  given  in  part  X  of  appendix  B. 

In  the  tests  to  determine  the  accuracy  of  the  ground-camera  method,  four 
test  runs  were  made  at  each  of  four  airspeeds  (150,  200,  260,  and  320  hnots) 
during  one  flight  and  at  two  airspeeds  during  a  second  flight.  Since  the  weight 
of  the  airplane  varied  by  as  much  as  15  percent  during  a  flight,  the  weight  for 
each  test  run  was  con5)uted  (from  indications  of  the  fuel  consumed)  so  that  the 
static-pressure  errors  at  each  test  speed  could  be  compared  directly  on  the 
basis  of  lift  coefficient. 
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The  results  of  the  tests  are  presented  in  figure  9.11  in  terns  of  the  vari 
ation  of  the  position  error  of  the  aircraft  installation  with  lift  coefficient. 
The  standard  deviation  C  of  these  data,  detemined  from  measurements  of  the 
displacement  of  the  data  points  from  the  faired  curve,  is  about  0.3  Ib/ft^, 
which  corresponds  to  an  altitude  error  of  about  4  ft  at  sea  level.  For  this 
value  of  0,  the  maximum  probable  error  (defined  as  3  times  the  standard  devia¬ 
tion  and  having  a  probability  of  99.7  percent)  is  about  1  Ib/ft^,  or  about 
12  ft  at  sea  level.  The  corresponding  error  (lo)  in  terras  of  Ap/g^  is 
to. 2  percent  at  200  knots  (M  >  0.3)  and  tO.l  percent  at  320  knots  (M  =  0.5). 

_ ,jrhe_oai^iteTCejwij^ jii^ch  the  mean  value  of  the  data  was  determined  is 

given  by  the  following  equation  for  a  confidence'level'  CL  "of  99  percent: 


CLag  =  5.84  -  (9.31 

Vn  -  1 

tdiere  n  is  the  nundser  of  measurements  for  a  given  test  condition.  For  the 
value  of  C  of  4  ft  and  for  four  measurements  at  each  of  the  test  airspeeds, 
the  confidence  level  of  the  data  is  10  ft.  Thus,  for  a  given  position  error  i; 
terms  of  an  altitude  enror,  the  accuracy  of  the  value  of  the  altitude  error, 
for  a  confidence  level  of  99  percent,  is  ±10  ft. 

Tracking-radar  tests.-  For  the  pressure-height  survey  required  of  the 
tracking-radar  method,  the  airplane  was  flo%m  in  a  series  of  level-flight  inins 
at  each  of  three  altitudes  (24  000,  25  000,  and  26  000  ft)  through  an  area  abo 
10  miles  in  diameter.  For  each  survey  run,  the  geometric  height  of  the  airpla: 
was  measured  by  the  radar.  Prior  to  the  first  survey  run,  the  statoscope  was 
sealed  at  an  altitude  of  24  000  ft  with  the  airplane  at  an  indicated  airspeed 
200  knots.  With  the  airplane  remaining  at  200  Jcnots,  survey  runs  were  then  ma 
at  six  locations  at  each  of  the  three  test  altitudes.  For  each  survey  run,  th 
value  of  the  pressure  measured  by  the  statoscope  was  corrected  for  the  positic 
error  at  the  200-knot  speed  determined  by  the  ground-camera  tests.  These  cor¬ 
rected  pressures  thus  provided  a  measure  of  free-stream  static  pressure  at  eac 
measured  geometric  height. 

After  the  initial  pressure-height  survey,  four  calibration  test  runs  were 
made  at  each  of  three  airspeeds  (235,  320,  and  370  knots)  at  an  altitude  of 
about  25  000  ft.  Immediately  after  the  last  test  run,  a  second  pressure-heigh 
survey  was  made  at  the  same  airspeed  and  altitudes  as  in  the  initial  survey 

Figure  9.12  is  a  plot  of  the  initial  pressure-height  survey  and  of  the 
second  survey  72  min  later.  For  each  calibration  test  run,  the  free-stream 
static  pressure  was  determined  from  the  geometric  height  of  the  airplane,  the 
time  of  the  run  after  the  initial  survey,  and  an  interpolation  of  the  two  sur¬ 
veys  for  the  pressure  at  that  time.  Note  that  the  pressure  and  height  scales 
the  figure  are  broken  to  provide  expanded  scales  for  the  two  measurements.  F: 
the  evaluation  of  the  data  of  the  tests,  the  surveys  were  plotted  on  a  much 
larger  chart  to  form  continuous  curves  throughout  the  height  range. 


The  results  of  the  hi9h-altitude  calibration  tests  are  presented  ii.  fig¬ 
ure  9.13  in  terns  of  the  variation  of  the  position  error  of  the  aircraft  instal¬ 
lation  vith  lift  coefficient.  For  these  data,  the  standard  deviation  is  about 
0.34  Ib/ft^  with  a  corresponding  altitude  error  of  about  10  ft  at  an  altitude 
of  25  000  ft.  The  maxiieum  probable  error,  therefore,  is  about  1  Ib/ft^  or 
about  30  ft  at  25  000  ft.  The  corresponding  error  (lo)  in  terns  of  Ap/q^  is 
±0.2  percent  at  235  knots  (M  =  0.5)  and  ±0.1  percent  at  370  knots  (M  =  0.88) . 

The  confidence  level  of  the  nean  of  the  data  (for  CL  =>  99  percent)  is  ±34  ft. 

The  variation  of  the  static-pressure  errors  of  figures  9.11  and  9.13  as  a 
)  function  of  -M- rather  than  was  shown  previously  in  figure  7.22. 

Since  the  flight  nanual  for  the  test  airplane  gives  che  position  errors  of 
the  fuselage-vent  systen  in  terns  of  altitude  errors,  the  position  errors  in 
figures  9.11  and  9.13  have  been  converted  to  altitude  errors  and  plotted  in 
figure  9.14.  For  sea- level  calibrations,  the  flight-manual  values  and  the  cali- 
(oration  with  the  ground-camera  method  are  essentially  the  same.  At  an  altitude 
of  25  000  ft,  the  flight-manual  values  and  the  tracking-radar  calibration  differ 
by  less  than  50  ft  for  airspeeds  up  to  350  )cnots. 

In  the  description  of  the  tracking-radar  method  given  in  this  chapter, 
some  details  relating  to  the  experimental  procedure  and  the  test  data  evaluation 
have  been  omitted.  For  a  complete  discussion  of  the  application  of  this  method, 
the  reader  is  referred  to  reference  13. 
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TABLE  9.1.-  FLIGHT  CALIBitATI(X4  METHODS  FOR  DETFRMXNING 


Calibration 

mettvod 

Operational  limits 

Method  accuracy  or  precision* 
(approximate  ic  values) 

Speed  restrictions 

Accuracy, 

percent 

Precision, 

percent 

Maximum 

Trailing  bonb 

Low/’.iigh 

Stall 

^>eed 

-0.4 
to  0.85 

±2.0  (M  «  0.1) 
±0.2  (M  «  0.35) 

Trailing  cone 

Low/high 

Min.  LTS^ 

•m  -  1.5 

±0.2 

(M  -  0.7  to  0.88) 

Pacer  a.s^^  aft 

Low/rJLgh 

Min.  LPS 

Max.  LPS 

±0.7  (N  •  0.5) 

±0.2  (M  -  1.0) 

Tbwer 

Very  low 

Min.  LFS 

Max.  LPS 

±1.0  (M  -  0.15) 
±0.2  (K  »  0.30) 

Tracking  radar 

High 

Min.  LPS 

Max.  dive 
speed 

±0.2  (M  -  0.5) 
±0.1  (M  >  0.88) 

Radar  altiaieter 

High 

Min.  LFS 

Max.  LPS 

±1.0  (M  «  0.8) 

Ground  caawra 

Very  low 

Min.  LFS 

Max.  LPS 

■■ 

Tracking-radar/ 

pressure- 

altisKter 

High 

Min.  LPS 

Max.  LFS 

±3.5  (M  -  0.5) 
±0.1  (K  =  3.0) 

Accelerometer 

High 

Min.  LPS 

Max.  dive 
speed^ 

±0.5 

(H  3  0.6  to  0.8) 

Recording 

therooBwter 

High 

Min.  LFS 

Max.  dive 
bpeed 

±4.5  (M  »  0.8) 

Trailing 

aneooMter 

Low 

Stall 

ss>eed 

.  . 

S  •  0.2 

±2.5  (H  >  0.03) 
±1.0  (M  •  0.16) 

Low 

Min.  LFS 

-  0.2 

Sonic  speed 

High 

Min.  LPS 

Max.  LPS 

Total 

*'eaqperature 

High 

Min.  LFS 

Max.  dive 
speed 

hH 

See  pe9e  148  fo:.  footnotes. 


Calibration  owthod  requirements 


FOOTNOTES  FOR  TABLE  9.1 


^Values  quoted  have  been  achieved.  With  different  instrumentation  and 
experimental  techniques,  the  accuracy  or  precision  obtained  may  vary  from  t.nese 
values. 

following  abbreviations  are  used  in  this  column: 

AAR  attitude-angle  recorder 

Alt  altimeter 

APR  absolute-pressure  recorder 

ASI  airspeed  indicator 

DPI  differential-pressure  instru&;ent 

IPR  intact-pressure  recorder 

IT  indicating  thermometer 

RA  recording  accelerometer 

RT  recording  thermometer 

^Meucimum  speed  at  which  bomb  can  be  trailed  without  unstable  oscillations 
in  suspension  cable, 

‘*LFS  level  flight  speed 

®M  «  1.5  is  the  highest  speed  at  which  tests  have  been  conducted  (ref.  8). 

*Low-speed  calibration  is  necessary  if  radiosonde  is  not  used  to  make 
pressure-height  siurvey. 

^Maneuvers  must  be  conducted  in  vertical  plane. 

=  2.0  limitation  determined  by  a  requirement  that  q^  =  q. 

Vg  ground  speed  of  aircraft 
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—  f  _  _ 


Pacer  aircraft 


Trailing 

cone 


Pt“P 


■Trailing 

bomb 


(a)  p  measured  at  reference  pressure  source  below, 
behind,  or  alongside  aircraft. 


/  h-Ps 

\  ^P4 

From 

tracking 

1 HP3 

radar 

/HPz 

V^-Pl 

Low  altitude 


High  altitude 


(c)  p  at  height  of  aircraft  calculated  from  p  and  T  at 
ground  and  assumption  of  standard  ten^rattire  gradient. 


3  incidence 


Figure  9. 


4.1  ft 


3.'  Trailing  bomb  with  wings  at  negative  angle  of 
incidence.  (Adapted  from  ref.  2.) 


inq  anemometer. 


V  *  52  knots,  flaps  down 

V  >  135  knots,  flaps  up 


Figure  9.6.-  Anemometer  trail  positions  for  two  flight  co.-’ditions 
superimposed  on  induced  velocity  field  below  airplane,  r.  is 
vertical  disteince,  x  is  horizontal  distance,  and  b  is  wing 
span.  (Adapted  from  ret.  22.) 


Iiistruinunts  installod  iu  airplane  for  calibrat 
atutic-prussurc  inatal latiun.  (Adapted  from  re 


Figure  9.8.-  Ground-based  equipiaent  used  for  calibrations 
at  low  altitudes.  (Adapted  from  ref.  13.) 


26.3  X  1000 


(A(ia|>Lui1  from  ro 


25  000  ft  (flight  1) 
^  25  000  ft  (flight  2) 


Lift  coefficient 


FiQure  9.13.-  Calibration  of  fuselage-vent  system 
at  an  altitude  of  25  000  ft.  (Adapted  from 
ref.  13.) 


CHAPTER  X 


ERRORS  DUE  TO  PRESSURE-SYSTEM  LAG  AND  LEAKS 

As  noted  in  chapter  II,  the  pressure  at  an  instrument  car.  be  different  from 
the  pressure  at  the  pressure  source  because  of  a  time  lag  in  t.te  transmission  of 
pressures.  The  pressur.^  at  the  instrument  can  also  differ  from  that  at  the 
pressure  source  when  there  is  a  leak  in  the  pressure  system.  For  both  cases, 

*  the  instrument  indications  will  be  in  error  by  an  amount  corresponding  to  the 
pressure  drop  in  the  system.  In  this  chapter,  analytical  and  experimental 
methods  ^oz  determining  the  errors  due  to  pressure-system  lag  and  leaks  are 
discussed.  Sample  calculations  of  an  estimation  of  the  lag  and  leak  errors  of 
a  given  pressure  system  are  given  in  part  II  of  appendix  B. 


System  Lag 

When  the  pressure  at  the  pressure  source  is  changing  rapidly,  as  in  the 
case  of  high-speed  dives  or  climbs,  air  flows  into,  or  out  of,  the  pressure 
source  (pitot  tube,  static-pressure  tube,  or  fuselage  vents) .  Under  these  con¬ 
ditions,  the  pressure  at  the  instruments  lags  behind  the  pressure  at  the  source 
because  of  (1)  the  time  for  the  pressure  change  to  propagate  along  the  tubing 
(acoustic  lag)  and  (2)  the  pressure  drop  associated  with  the  flow  through  the 
tubing  (pressure  lag).  In  the  following  sections,  mathematical  expressions  for 
both  forms  of  lag  are  described. 

Acoustic  lag.-  As  noted  in  reference  1,  the  speed  of  the  pressure  propaga¬ 
tion  along  the  pressure  tubing  is  the  speed  of  sound.  The  magnitude  of  the 
acoustic  lag  thus  depends  only  on  the  speed  of  sound  a  and  the  length  of  the 
tubing  L  as  expressed  in  the  following  equation: 

T  =  L/a  (10.1) 


where  t  is  the  acoustic  lag  time.  Since  the  speed  of  sound  at  the  lower  alti¬ 
tudes  is  on  the  order  of  1000  ft/sec,  errors  due  to  acoustic  lag  are  of  concern 
only  for  pressure  systems  having  very  long  lengths  of  pressure  tubing.  For  the 
tubing  lengths  of  the  instrument  systems  in  service  aircraft,  errors  associated 
with  acoustic  lag  are  of  no  significance. 

Pressure  lag.-  When  air  in  tubing  between  a  pressure  source  and  an  instru¬ 
ment  is  flowing,  the  pressure  at  the  instmment  is  different  from  the  pressure 
at  the  source,  and  the  indication  of  the  instrument  is  in  error  by  an  amount 
equivalent  to  the  pressure  drop  between  the  two  ends  of  the  tubing.  For  a  rate 
of  pressure  change  dp/dt  at  the  pressure  source,  the  pressure  drop  Ap  and 
the  lag  of  the  pressure  system  are  related  by  the  following  equation: 


Ap  = 


A  ^ 

dt 


(10.2) 
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where  A  is  the  lag  constant  of  the  system  defined  by  the  following  equation 
from  reference  2: 


,  128ULC 

.d"p 


(10,3, 


where  L  and  d  are  the  length  and  internal  diameter  of  the  tubing,  C  is  th' 
total  volume  of  Che  instrument  chambers,  p  is  the  pressure,  and  u  is  the 
coefficient  of  viscosity  of  air.  This  equation  assumes  laminar  flow  in  the 
tubing  and  applies  rigorously  only  to  straight  tubing  of  constant  diameter. 

Once  the  value  of  A  of  an  instrument  system  is  Icnown,  the  errors  in  air¬ 
speed  and  altitude  associated  with  any  given  rate  of  climb  or  descent  of  the  air 
craft  can  be  determined  from  equation  (10.2)  and  the  appropriate  pressure  table, 
in  appendix  A. 

The  condition  of  laminar  flow  required  by  equation  (10.2)  is  met  when  the 
pressure  drop  Ap  along  the  tubing  remains  lower  Chan  that  given  by  the  follow¬ 
ing  equation  frora  reference  2: 


Ap  =  - 


32u2LNRe 


pd 


3 


(10.4 


where  is  the  Reynolds  number.  Since  airflow  in  a  straight  tube  remains 

laminar  for  Nj^  no  greater  than  about  2000,  the  limiting  pressure  drop  for 
laminar  flow  at  sea  level  can  be  exoressed  as 


^  ^  6.5  X  10*3 

I-  "  d3 


(10.5 


where  Ap/L  is  in  pounds  per  square  ft  per  ft  and  d  is  the  internal  dicuaeter 
of  the  tubing  in  inches.  At  altitude,  the  limiting  pressure  drop  for  laminar 
flow  is  given  by 


2 

M  /e.S  X  lo-3\ 

^  “  Pa\Koj  \  d3  J 


(10.6 


where  the  subscripts  o  and  a  refer  to  sea  level  and  altitude.  In  table  10. 
the  limiting  pressure  drops  for  laminar  flow  at  sea  level  and  30  000  ft  are  giv 
for  four  tubing  diameters. 


For  relatively  single  pressure  systems  with  few  bends  and  tees  in  the 
tubing,  the  lag  -constant  can  usually  be  calculated  with  satisfactory  accuracy 
from  equation  (10.2)  and  a  Icnowledge  of  the  geometry  of  the  system.  For  more 
conplex  pressure  systems,  and  especially  for  Chose  research  installations  an 
which  lag  is  an  important  factor,  the  lag  constant  of  the  syste-m  can  be  deter¬ 
mined  experimentally  by  one  of  the  three  test  procedures  described  in  refer- 
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ence  The  computational  procedures  for  correcting  measured  pressures  for 
pressure- lag  errors  are  also  given  in  reference  1. 


5 


For  pitot-static  pressure  systems,  the  lag  characteristics  of  mechanical 
instruiaent  systems  differ  markedly  from  those  of  systems  incorporating  electrical 
pressure  transducers.  With  t^ ?  mechanical  instruments,  for  example,  the  lag  of 
the  pitot  system  is  very  much  smaller  than  that  of  the  static-pressure  system 
because  of  the  great  difference  in  the  volumes  at  the  ends  of  the  two  pressure 
lines.  The  volume  at  the  end  of  the  pitot  line  is  very  small  (the  volume  of 
the  differential-pressure  capsule) ,  whereas  the  volume  at  the  end  of  the  static- 
*  pressure  line  is  the  combined  volume  of  all  instrument  ch£Uiibers  connected  to  the 
line  (fig.  2.3).  Thus,  for  those  instruments  connected  to  both  the  pitot  and 
static-pressure  lines,  the  errors  in  the  indications  due  to  lag  are  determined 
primarily  by  the  lag  in  the  static-pressure  system. 

For  the  measurement  of  airspeed  (or  impact  pressure)  in  research  investi¬ 
gations,  the  lags  of  the  pitot  and  static-pressure  systems  are  sometimes 
"balanced"  in  an  attenpt  to  eliminate  the  airspeed  error  due  to  the  difference 
in  the  lag  of  the  two  systems.  This  balancing  of  the  lag  of  the  two  systems  is 
accomplished  by  adding  tubing  to  the  pitot  system  until  the  lag  of  that  system 
equals  the  lag  of  the  static-pressure  system.  However,  while  balancing  the 
pressure  lines  can  often  eliminate  airspeed  errors  in  rate-of-climb  testing, 
airspeed  errors  in  dive  testing  can  he  Icirger  than  those  that  were  present 
before  balancing  (ref.  1) . 

With  systems  employing  electrical  pressure  transducers  (figs.  11.13 
and  11.14),  the  lag  in  the  pi tct  and  static-pressure  lines  is  essentially  the 
same  because  the  volumes  at  the  ends  of  the  two  lines  are  very  nearly  equal. 

Since  the  volumes  of  the  transducers  are  also  very  small  and  since  the  length  of 
tubing  between  the  transducer  and  the  pressure  source  is  generally  short,  the 
lag  of  this  type  system  rs  usually  so  small  that  it  is  of  no  concern. 

Means  of  reducing  lag.-  In  the  design  of  a  pressure  system  incorporating 
mechanical  instruments,  the  principal  means  of  reducing  the  acoustic  lag  and 
pressure  lag  are  related  to  the  size  of  the  tubing  and  the  instrument  volume . 

For  example,  the  acoustic  lag  (eq.  (10.1))  can  be  minimized  by  simply  keeping 
the  pressure  tubing  line  reasonably  short,  while  the  pressure  lag  (eq.  (10.2)) 
can  be  reduced  by  reducing  tubing  length,  increasing  tubing  diameter,  or  reduc¬ 
ing  instrument  volume.  For  installations  requiring  more  than  one  set  of  instru¬ 
ments,  the  volume  at  the  end  of  each  pre?  re  line  can  be  reduced  by  installing 
a  separate  pressure  source  for  each  set  o*  instruments.  For  a  system  with  a 
given  instr.xmer.c  volume,  the  lag  can  generally  be  reduced  by  increasing  the 
diameter  of  the  tubing.  However,  if  the  tubing  is  connected  to  a  static- 
pressure  tube,  any  increase  in  the  tubing  diameter  should  be  related  to  the 
number  and  size  of  the  orifices,  because  usually  the  total  area  of  the  orifices 
should  be  about  tlie  same  as  the  cross-sectional  area  of  the  tubing.  Finally, 
for  any  pressure  system,  the  pressure  lag  can  be  reduced  by  minimizing  the  num¬ 
ber  of  bends  and  connections  in  the  tubing  system.  For  a  more  extensive  dis¬ 
cussion  of  the  influence  of  the  various  design  parameters  on  the  lag  of  cressure- 
measuring  systems,  the  reader  is  referred  to  reference  3. 
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with  systems  en^loying  electrical  pressure  transducers,  both  forms  of 
are  small  because  of  the  snail  volume  of  the  pressure  chambers  and  the  she: 
lengths  of  tubing  ordinarily  used  with  this  type  system. 


System  leaks 

The  pressure  at  the  instrument  can  be  different  from  that  at  the  pres 
source  if  there  is  a  I'.ak  in  the  system  ^uld  if  the  pressure  outside  the  sy 
is  different  from  that  inside.  A  leak  within  the  cockpit  of  a  pressurized 
cabin,  for  exan^le.  can  alter  .the  pressure  inside  the  instrument  when  the  .. 
craft  is  at  a  high  altitude.  On  the  other  hand,  a  leak  in  a  part  of  the  s 
in  an  unpressurized  area  might  have  little  effect.  The  magnitude  of  the  p 
sure  error  due  to  a  leak,  therefore,  depends  not  only  on  the  size  of  the  1 
but  also  on  the  pressure  drop  across  the  leak. 

To  minimize  pressure  errors  resulting  from  leaks,  the  civil  and  milit. 
agencies  require  leak  tests  of  individual  instruments  (for  case  leaks)  and 
the  complete  instrument  system  installed  in  the  aircraft.  The  tests  of  th- 
static-pressure  system  are  conducted  by  applying  suction  to  the  static-pre. 
source  until  the  pressure  in  the  system  reaches  a  specified  pressure  altit 
With  the  pressure  held  constant,  the  effects  of  any  leaks  appear  as  rates 
change  in  airspeed  and  altitude  indicated  by  the  cockpit  instruments.  Tes' 
the  pitot  system  are  conducted  in  the  same  manner,  except  that  pressure  is 
applied  to  the  pitot  tube. 

A  number  of  different  leak  tolerances  for  the  systems  have  been  spec: 
from  time  to  time,  by  the  civil  and  military  agencies.  The  most  stringent 
these  tolerances  requires  the  leak  rate  for  the  static-pressure  system  to 
more  than  100  ft/min  (indicated  by  the  altimeter)  when  the  system  pressure 
spends  to  the  maximum  pressure  altitude  for  which  the  aircraft  is  certific- 
For  the  pitot  system,  the  tolerance  is  1  knot/min  (indicated  by  the  airsp-. 
indicator)  when  the  system  pressure  equals  the  impact  pressure  correspondi 
the  maximum  speed  of  the  aircraft. 

The  errors  in  airspeed  and  altitude  that  result  from  a  leak  of  a  give 
and  a  given  pressure  differential  across  the  leak  can  be  determined  from 
leak  rate  (i.e.,  the  rate  of  pressure  change  dp/dt)  determined  from  a  grt 
test  of  the  system,  (2)  the  lag  constant  1  confuted  from  equacion  (10.3; 
(3)  the  lag  constant  of  the  leak.  The  value  of  A’  can  be  calculate 

from  the  following  equation; 

'  -  f^T.o  ~  PT,aVPT,o  ^  PT,a\ 

' ^  "  V  dp/dt  A  Pe  +  Pa  J 


where 

pkp^g  ambient  pressure  during  ground  test 

Pr.a 

IfiO 


test  pressure  in  system  during  ground  test 


dp/dt 


rate  of  pressure  change  due  to  leak  measured  in  ground  test 


Pa  pressure  at  pitot  or  static-pressure  source  at  flight  altitude 

Pq  compartment  or  cabin  pressure  at  flight  altitude 

The  pressure  error  Ap^  due  to  the  leak  can  then  be  coii^uted  from 

Api  =  Pi  -  Pa  =  x-p.-x<Pc  -  Pa> 

where  Pi  is  the  pressure  inside  the  instrument.  From  the  value  of  Apj,  the 
corresponding  errors  in  airspeed  and  altitude  can  be  determined  from  the  tables 
in  appendix  A. 

The  errors  in  the  instrument  indications  that  result  from  a  leak  in  the 
pressure  system  can  also  be  determined  experimentally  in  flight.  In  tests 
reported  in  reference  4,  for  exaa^le,  a  calibrated  leak  device,  capable  of 
introducing  five  different  size  leaks  into  a  pressure  system,  was  connected  to 
the  static-pressure  line  in  the  cockpit  of  a  transport  airplane.  The  altitude 
error  produced  by  each  le^tk  was  then  determined  at  a  number  of  altitudes  and  for 
different  cabin  pressures.  After  the  flight  tests,  ground  tests  were  conducted 
to  measure  the  leak  rate  of  each  leak  in  terms  of  altitude  change  per  minute. 

The  ground  and  flight  tests  thus  provided  a  means  of  directly  relating  the 
altitude  error  and  leak  rate  of  a  given  size  leak.  The  results  of  these  tests 
showed  that  for  leaks  producing  altitude  errors  as  small  as  10  ft,  the  leak  rate 
was  much  larger  than  the  100  ft/min  rate  specified  for  the  leak  tolerance  dis¬ 
cussed  earlier.  In  other  words,  the  altimeter  errors  of  systems  coii?>lying  with 
this  leak  tolerance  would  be  essentially  negligible. 
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CHAPTER  XI 


AIRCRAFT  INSTRUMENT  ERRORS 

Aircraft  instnunents  are  required  to  aieet  specified  standards  of  accuracy. 
These  accuracies  are  expressed  in  terms  of  error  tolerances  (allowable  errois) 
which  may  be  stated  as  a  percent  of  the  measured  quantity,  as  a  percent  of  the 
full-scale  range  of  the  instrument,  or  as  a  series  of  individual  tolerances  for 
given  values  of  the  measured  quantities. 

The  specified  accuracies  of  the  instruments  vary  depending  on  the  type  of 
instrument  and  on  the  state  of  the  art  at  the  time  the  instrument  was  developed. 
The  accuracy  of  the  "precision"  mechanical  altimeter,  for  exanmle,  is  greater 
than  that  of  the  older  "sensitive"  altimeter.  Similarly,  the  accuracies  of 
electrical  instruments  are  greater  than  those  of  the  ipechanical  types,  and  of 
the  twe  electrical  instrument  systems,  the  electronic  pressure-transducer  system 
is  soffl--.:.’hat  more  accurate  thaui  the  servoed  instrument  systems. 

Until  recent  years,  mechanical  instruments  were  used  in  all  types  of  air¬ 
craft;  they  are  still  widely  used  in  general  aviation  aircraft  and  in  older 
civil  transport  and  military  aircraft.  Servoed  instrument  systems,  a  later 
development,  have  been  used  for  some  years  in  turbojet  transport  and  military 
jet  aircraft,  while  electronic  pressure- transducer  systems,  an  even  later 
development,  are  now  being  used  in  some  turbojet  transport  and  .military  jet 
aircraft. 

The  Federal  Aviation  Administration  specifies  the  accuracy  of  instruments 
used  in  civil  aircraft,  while  the  U.S.  Air  Force,  Array,  and  Na-.-y  specify  t.he 
accuracy  of  instruments  used  in  military  aircraft.  For  the  instruments  dis¬ 
cussed  in  this  chapter,  the  accuracies  have,  for  the  irost  part,  been  extracted 
from  instrument  stemdards  specified  by  the  Air  Force. 

Mechanical  Instruments 

-As  noted  in  chapter  II,  the  scale  error  (i.e.,  the  difference  between  an 
instrument  indication  and  the  correct  value)  is  generally  the  largest  of  the 
various  instrument  errors.  Thus,  the  determination  of  this  error  is  t.he  pri.T.ary 
concern  of  the  laboratory  testing  of  the  instruments. 

When  it  has  been  determined  that  the  scale  errors  of  a  particular  i-tstru- 
ment  conform  to  the  specified  tolerances,  the  instrument  is  censidered  acc»'pt- 
able  for  operational  use  However,  since  t.he  scale  error  is  systematic 
(repeatable),  many  aircraft  operators  require  t.hat  correctiorJi  for  the  error 
be  applied  in  order  to  ac.hieve  an  accuracy  greater  than  the  sr.scified  accuracy. 

In  this  section,  the  specified  tolerances  for  the  errors  of  each  type  of 
instrument  are  presented  and  the  laboratory  tost  procedures  ::r  the  calibration 
of  t.he  instromo.nts  are  outlined. 


Altimccer.-  The  aJtitude  display  of  the  mechanical  altimeter  is  a  circular 
scale  with  one  or  more  rotating  pointers.  Examples  of  dial-type  altitude  dis¬ 
plays  are  the  three-pointer  display  of  figure  11.1(a)  and  the  drum-pointer  (or 
similar  cou.nter-pointor)  display  of  figure  11.1(b).  With  the  three— pointer  dis¬ 
play.  the  long  poi.nter  rotates  one  revoluti' .i  per  1000  ft,  the  short  pointer 
one  revolution  per  10  000  ft,  and  the  pointer  with  the  triangular  index  one 
revolution  per  100  000  ft.  With  the  drum-pointer  (or  counter-pointer)  display, 
the  pointer  rotates  one  revolution  per  1000  ft  and  the  drum  (or  counter)  rotates 
to  indicate  1000-ft  or  10  000-ft  increments.  Thus,  for  altimeters  with  an 
80  000-ft  range,  the  long  pointer  on  both  types  of  displays  rotates  80  times. 

Since  the  scale  of  the  altimeter  is  uniform,  whereas  the  decrease  in  pr>.-:;- 
sure  with  height  is  exponential,  the  pressure  increment  corresponding  to  a  giv-.r. 
height  increment  decreases  with  altitude  (for  exar^le,  the  increment  is 
76  lb,'ft^  per  1000  ft  at  sea  level,  19  lb/ft“  per  1000  ft  at  40  000  ft,  and 
3  Ib/ft^  per  1000  ft  at  80  000  ft).  As  a  result,  measurement  of  pressure  alti¬ 
tude  becomes  increasingly  difficult  at  higher  altitudes.  As  is  shown  later, 
this  measurement  difficulty  is  reflected  in  the  much  larger  scale  errors  that 
are  allowed  at  higher  altitudes. 

As  a  consequence  of  the  great  scale  sensitivity  of  the  altimeter,  errors 
due  to  hysteresis  and  drift  car.  be  of  significance.  These  error:;,  together  v;tr. 
the  errors  due  to  aftereffect  (hysteresis  at  sea-level  pressure)  and  recovery 
(drift  at  sea-level  pressure),  are  illustrated  in  a  descr’ption  of  a  jcale  -rr-.r 
calibration  (fig.  11.2) . 


For  the  scale-error  calibration  of  an  altimeter,  the  instrument  is  con¬ 
nected  to  a  mercury  barometer  and  a  suction  pump.  The  barometric  subdial  of 
altimeter  is  set  to  29.92  (fig.  ll.Ka}),  and  the  system  pressure  is  adyusted  ro 
29.92  in.  Kg.  The  altimeter  indication  at  this  initial  test  point  is  noted,  ind 
then  the  pressure  is  reduced,  at  a  rate  corrosr'onding  to  about  3'jOO  ft, 'min,  -  ■ 
the  next  test  point  (fig.  11.2).  At  each  test  .-oint,  the  pres:-; ur-.-  i-  held  .on- 
stant  for  about  2  min  and  the  instrument  i  ;  vibraf  u  b-.-for'.-  tr.<_  il  -  ;.t>j  r'-r 
cation  is  noted.  When  t.hc  test  r.oint  at  the  —iximum  -ent  iltitude  r.,!  ;  n>-e-:. 
reached,  the  pressure  is  increased  to  tvi  nyster-.sis  test  .noints,  ir.d  ~  r.-  r-r  j:  r 
to  the  initial  to.- c  pressure.  The  altimeter  ir. uicati-.r.  it  tnis  poi.-.t  ;  ; 

than  the  initial  indication  (because  of  afteref f'-ct)  and  u-.cr-- ice;:  wlv  t  w,r: 

the  initial  indication  (because  of  recovery  •‘ffoct;  .  After  i  Tuffici-  nt 
lapse,  the  indication  returns  to  the  initia’  indica*;--;  (call-.':  t;.-:-  r  - -t 
The  recovery  error  is  the  extent  or  this  re- irn  i  pn-nf;  -; 


As  indicated  in  fiacre  11.2,  the  hyster-, 
test  pressure,  between  the  instrument  indita: 
is  decreas.nq  and  when  it  is  increasing.  If 
given  value  during  t.'..-  pressure  cycle  (as  i- 
ment  indication  drifts  tevaro  point  3.  Thi.- 
"close"  the  hysteresis  loop. 


:  i-et'.-mined  > 


For  the  cert  i:  i  ratio of  a.o  altimet-T  f~r  -per  iti -.nal  ; 
determined  at  docrea^ina  pressure's  are  re-juir  to  fi'.l 
tolerance  rand  (fig.  li.2)  defined  by  the  -p-.-ifiei  -rr.r  '  I-  ri:.; 
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scale  errors  (circular  test  points  in  fig.  11.2)  are  the  values  used  in  the 
preparation  of  correction  charts  or  for  the  scale-error  corrections  in  air  data 
computers. 

The  scale-error  tolerances  for  two  types  of  sensitive  altimeters  (refs.  1 
and  2)  and  two  types  of  precision  altimeters  (refs.  3,  i,  and  “i)  are  presented 
in  table  11.1.  Also  tabulated  are  the  h/jteresis  tolerances  at  two  test  alti- 
*  tudes  and  the  aftereffect  tolerance  at  sea- level  pressure.  :iote  that  the  cali¬ 
bration  standards  for  these  instruments  do  not  require  tests  for  the  drift  and 
recovery  errors.  A  congiarison  of  the  scale-error  tolerances  for  the  four 
altimeters  provides  an  indication  of  the  improved  accuracy  that  has  ocen 
achieved  through  the  years. 

Determination  of  the  hysteresis  at  two  test  points,  specified  by  standard 
test  procedures,  defines  only  a  part  of  the  hysteresis  cycle.  In  tests  to  deter¬ 
mine  the  con^lete  hysteresis  cycles  of  throe  types  of  altimeter  (ref.  C) ,  a 
number  of  type  C-12,  C-13,  and  ;'IA-1  altimeters  were  calibrated  throughout  the 
hysteresis  cycle.  The  calibrations  of  representative  instruments  of  eac.h  altim¬ 
eter  type  are  presented  in  figure  11.3.  In  table  11.2,  values  of  hysteresis 
errors  (at  the  standard  test  points)  for  all  the  i.nstruments  are  compared  with 
the  hysteresis  tolerances.  Also  tabulated  are  the  aftereffect  errors  and  toler¬ 
ances.  These  results  are  of  interest  in  shewing  the  hysteresis  and  af t«.ref ft-ct 
errors  of  the  precision- type  altimeter  to  bo  very  much  lower  than  the  specified 
tolerances. 

In  further  tests  of  the  throe  types  of  altimeter,  the  drift  •.-rrori  w.-r'- 
determined  through  1-hour  and  C-hour  test  i-eriods.  The  drift  errors  cf  a  repr*  — 
sentative  instrument  of  each  altimeter  ty^-o  are  shown  in  figure  11.4.  These 
data  show  the  major  part  of  the  6-hour  drift  occurs  within  a  short  r«-‘rio<i  after 
the  start  of  the  test. 

Airstieed  indicator.-  An  example  of  a  nechani cal- type  aircpeed  i.ooicatcr  i.; 
tne  disk-pointer  i.istrurae.nt  shown  in  figure  11.5.  The  r.a.nge  "'-f  tr.i:;  i-tdicat-r 
is  50  to  650  knots  and  the  scale-error  tolerances  ti.rough  this  jpeei  range  ire 
given  in  table  11. i  (from  ref.  7). 

-e 

The  airspeed  indicator  is  calibrated  by  applyinj  rr'e;.;urvi  t<>  :  itet 

port  of  the  instrument  and  measuring  the  diffvre.nco  between  these  pr--!:.'ure--  in: 
the  existing  atmospheric  pressure  with  a  rvtrcury  .■nanometer.  The  liff-.-r'-nt  i.il 
pressures  correspo.ndi.og  to  gi'/cn  v.ilue.s  of  calibrat'-i  airupe*^':  ire-  l:.'*-'d 
tables  A9  and  All  of  appendix  A. 

True-airspeed  indicator.-  Since  the  truo-airspoed  indicator  r'  ?:;.---  ■  it 
of  icgiact  pressure,  static  pressure,  and  temp-erature,  in  instr  imen-  h.iv;:. ;  , 
given  range  of  true  airspeed  must  be  de.sig.-.cd  for  c.ecific  rin-i-'.:  f  il*;'  . 
and  temperature.  With  the  indicator  of  reference  n,  for  -  xi.-pl--,  *..•  •  .■•  i-  - 

airspeed  ra.nge  is  450  knots,  the  altitude  range  lu  to  55  f~,  :  ■  ••.■ 

temperature  range  ia  -60°  C  to  40°  C,  A  photograph  if  tr.i.  in.-.trir^  :.t  ;s 
in  figure  11.6. 


'•'or  the  laboratory  calibration  of  the  instrument,  the  tenii<erature  prob*?  li; 
immersed  in  a  temperature-controlled  bath,  and  tile  pressure  inside  the  instru¬ 
ment  rase  is  adjusted  to  a  specified  value  of  pressure  altitude  (neasur>.-d  with 
a  baroiaeter).  Pressures  corres|K>ndinq  to  ijiven  values  of  calinrit-  'i  .ii:.>{.eed, 
measured  with  a  manometer,  are  then  applied  to  the  pitot  port  o:  t.ie  instrument 

As  t!H>  tables  of  the  scale-error  tolerances  for  the  true-  »irsp<-ed  indi¬ 
cator  are  too  extensive  to  be  included  in  this  text,  only  a  few  ot  the  "Xtreme 
values  are  listed  in  table  11.4  to  indicate  the  s^iccified  accuracy  of  tne 
instrument. 


Xachmeter.-  An  example  cf  a  mechanical -type  ‘•tachmeter,  h.avir.q  a 
0.5  to  1.5,  IS  shown  in  figure  11.7.  Of  the  43  test  points  reij  u;  r-d 
bratior.  of  this  Machmeter,  the  dif f >.Te-nces  bi-'tween  the  indicated  .jiid 
numbers  are  recuirod  to  meet  the  followinq  tolerances  (ref.  9): 

"J.'J'.aM  for  32  test  laiints 
tO.';10M  fv^r  7  test  juiints 
‘■j.'sl5M  for  4  te-st  :a>i:its 

Since  tne-  Machmeter  is  actuated  oy  impact  pressure  and  .;tatic  pressure,  tne 
instrument  is  cjlii.ruted  with  the  static  pressure  in  the  instrument  case-  held 
constant  while  :  reusures  .•orrespondintj  t-i  '.jiven  values  of  calibrst'-d  airspe-eu 
are  a, plied  to  t.".e  jitot  soft.  A:i  abbreviated  list  'if  tr.-'  test  Mach  numbers 
sti.-cifieJ  l...r  t:.e  scale— err'or  cilihration  is  'jiven  :n  table  11.5  ‘  r  r  ref.  3). 

sate-of-  ;l;mb  indicator.-  As  noted  in  chapter  II,  the  rate— it -,-1  mb  indi- 
■-ator  is  desi9r.e-<J  with  a  -cafJillary  tube-  that  controls  the  rate  of  flow  -if  air 
from  t.he  static-pressure  s<jurcc-  into  the  instrument  chamber.  This  device  pro¬ 
vides  correct  measures  of  vertical  speed  when  the  aircraft  is  in  a  steady  -cliwb 
or  d-;scent.  i'er  the  rapid  ehanu*-s  in  vertical  sj-eed  that  can  occir  at  the  start 
and  finish  of  a  climb  or  descent,  howev>.-r,  the-  indicated  verti'Cel  speed  laus  tne 
correct  value.  To  overcomi.-  t:u  .  lau,  j  vertical  .ic-:--l. -ration  elem-  -it  has  i,<.-en 
incorporateo  in  later  models  culled  instantaneous  (or  inertial)  v.-r  1 1  . 1 1- :.p«-od 
indi Caters . 


r.in'je-  from 
for  al  i  - 
test  "aor. 


An  ---xamf.le  of  a  simple  rat-— -1  imo  indicatc-r  is  -h.o-wii  ifi  1 :  ^ur-.-  iJ.o  and 
described  1 f-,  f-.rence  IJ.  .-.il  ibrati'in  of  thin  initrum'-nt,  th-'  inii- 

cator  IS  :.la-.--td  a  vacuum  c:..imiA-r  to-p-th-.-r  -with  a  pr-.c:si,:.  il  t  me*--.-:  .  2  ic- 

tior.  :s  «tpii-.-'i  to  the  ssamne-r  ts  abl  i  -.n  a  -^iv--:.  rat*-  d  ;nar.'J-.-  ■:  ilritui*-, 
indicat-.i  by  th--  »1  *  i.ti*  '-.-r  a:.-3  '  ;m-  :  -wi'h  i  st  *a*cn.  Die  ;cil--  -nor  -j:  t;.*- 
indi  s.itor  ! '  h-.-r.  t--rm;.*.-d  a  ,  r'-nc*-  •.••••w*-.-n  th**  m*  i  ur- ■;  ri'*-  ! 

caatvp-  >•'.  al'-  itud*u  and  the  rate  indicat*-**!  by  tne  rat*  mu,  inii  -  a"  -r.  Tr  • 

tolerances  for  an  indicator  havin'}  a  ranue  of  ••S'.ii'l  ft,  min  ar'.-  1  i  .t*  !  ;n 
tabl*.-  11.0  (fr^m  ref.  l'J»  . 


nle'Ctr'  .'ll  Instr jm<  nt  .^yst'-mc. 


7i  ;  '  I -j'— rat*;  .n*?  iif  f*,*r<.-nces  b*.*tw*:en  .•nech.inic  il  »:id  •  ;tri:il  in  .trim 
s-/!;t*-ms,  iiuurans  'sf  r.*-'c:.anical  :yst**n  and  of  tn*-  two  'if  •■'■•ctri  .al  .y 

tens  ire  :  r*';-.cnt  *1  in  t  I'jur*.-  11.?. 


With  the  mechanical  instrument  system,  the  pressure-sensing  element 
(cappule)  is  located  in  the  instrument,  the  instrument  indications  are  not  cor¬ 
rected  for  scale  error  or  the  position  error  of  the  ‘static-piessure  installation, 
and  the  flight  information  is  presented  on  dial-pointer  displays  (single  or 
multiple  pointer,  drum-pointer,  or  counter-pointer) . 

With  the  servoed  instrument  system,  the  pressure- sen sing  element  (capsule) 
is  located  in  a  computer  (central  air  data  c<moputer  (ref.  11))  which  can  correct 
for  Isoth  the  scale  error  of  the  capsule  and  tlie  position  error  of  the  static- 
pressure  installation.  The  output  signals  of  the  con^uter  thus  represent  cor¬ 
rected  flight  quantities  (pressure  altitude,  calibrat3d  airspeed,  etc.).  These 
computer-corrected  signals  are  transmitted  to  the  instrument  where  the  flight 
information  is  presented  on  dial-pointer  displays  (including  the  ccu.nter-drum- 
pointer  display  in  fig.  11.10)  or  on  vertically  moving  scale  displays  such  as 
those  in  figure  11.11. 

With  electronic  pressure-transducer  systems,  the  pressure-sensing  element 
(diaphragm  or  t>ellows)  is  located  in  the  electrical  pressure  tra!,sducer .  The 
signals  generated  in  the  transducer  are  linearized  in  a  microprocessor  (computer) 
which  can  also  apply  corrections  for  the  position  error  of  the  static-pressure 
installation.  These  corrected  signals  can  then  bo  presented  on  dial-fiointer 
displays,  vertical  scale  displays,  LED  (light  emitting  diode)  dispJa/s,  or  CRT 
(cathode  ray  tube)  displays. 

As  noted  previously,  the  accuracy  of  servoed  instrument  systers  is  gr.-ater 
than  chat  of  mechanical  instruments  and  the  accuracy  of  electronic  pressure- 
transducer  systems  is  generally  greater  than  that  of  servoed  instriaent  systems. 
In  the  following  sections,  the  accuracies  of  a  servoed  instrument  system  and  of 
two  types  of  electronic  pressure-transducer  systems  are  discussed. 

Servoed  instrument  system.-  Tlie  servoed  instrument  system  is  a  form  of 
servomechanism  incorporating  feedback  between  the  computer  and  the  instrument 
(fig.  11,12).  In  tlie  computer,  a  synchrotel  is  actuated  by  the  deflections  of 
a  capsule,  while  in  the  instrument,  the  pointer  or  other  type  display  is  actu¬ 
ated  (through  a  gear  train)  by  a  servomotor  that  is  controlled  by  signals  gen¬ 
erated  by  the  differences  in  the  electrical  fields  of  the  synchrotc-l  in  th.u  con- 
puter  and  another  synchrotel  in  the  instrument.  Additional  synchr'-tels  in  the 
cot4>uter  are  controlled  by  two-dimensional  cams  to  generate  the  correctional 
signals  for  the  scale  error  of  the  capsule  and  the  position  error  c:  the  static- 
pressure  installation. 

The  accuracy  of  a  servoed  instrument  system  is  deterai.ned  by  1)  the  basic- 
accuracy  of  the  coii¥>uter  (which  includes  the  accuracy  of  the  seal.-— .-rrer  .-or- 
recticn) ,  (2)  the  accuracy  of  the  position-error  correction,  and  (ii  tne  accu¬ 
racy  with  which  the  corrected  signals  from  tne  comrutor  are  tr.insnitted  and 
displayed  in  the  instrument. 


The  basic  accuracy  of  an  air  data  computer  stated  in  terms  of  t.he  error 
tolerances  for  each  of  the  flight  quantities  is  as  follo-ws: 


Altitude 


il5  ft  at.  aea  level  to  t80  ft  at  50  000  ft 


Airspeed  t2  <nots  at  100  icnots  to  i4  knots  at  500  knots 

True  airspeed  ±4  knots  throughout  the  range  of  the  instriwent 

Mach  number  iO.Ol  at  Mach  0.2  to  t0.005  at  Mach  0.95 

Vertical  speed  12  percent  of  the  indicated  value 

The  accuracy  with  which  the  josition  error  is  corrected  i.n  the  air  <iata 
computer  varies  depending  on  the  ilope  of  the  calibration  curve,  ror  positic:;- 
error  calibrations  with  low  slopes,  the  accuracy  of  the  position-error  correc¬ 
tion  is  greater  than  for  calibrations  with  steep  slopes. 

The  accuracy  with  which  the  'ror^utor-generated  signals  arc  trjri;-;nitt-_-d  a:.d 
displayed  on  the  various  servoed  instruments  (refs.  12  through  15)  is  given  by 
the  following  specified  error  tolerances: 

Altimeter  tlS  ft 

Airspeed  indicator  rl  knot 

True-air speed  indicator  :1  knot 

.'■dachmeter  tO.OOlM 

Vertical-speed  indicator  i2  percent  of  indicated  value 

For  installations  incorporating  servoed  systems,  a  mechanical  counterpart 
of  each  servoed  instrument  is  installed  on  the  instrument  panel  for  emergency 
use  whenever  the  servoed  system  becomes  inoperative  because  of  electrical  power 
failure.  With  one  type  of  altimeter  (a  servopneur.atic  typ*:  in  which  the  capsule 
is  located  in  the  instrument),  the  .■nechanical  transmission  is  activated  by  a 
monitoring  circuit  whenever  the  servoed  system  becemes  inoperative. 

Electronic  pressure-transducer  systems.-  An  electrical  pressure  trai.sducer 
is  a  small  pressure-sensing  device  that  produces  electrical  signals  proportional 
to  the  deflection  of  a  capsule,  diaphragm,  bellows,  or  otticr  pressuro-sor.sing 
clement  (ref.  16).  Dependi.og  on  the  characterist '  cs  of  the  tra.osducor  element, 
the  output  signal  can  bo  either  digital  (variable  freguency)  or  ai'.alog  (variaLle 
voltage) . 

In  the  digital  transducer  described  in  reference  17,  the  pr*issure-scnsir.g 
clement  is  a  single  bellows  in  tne  absolute-pressure  transducer  a.id  two  opposing 
bellows  in  the  differential-pressure  transducer  (fig.  11.13).  The  tr ir.;i  iucer 
element  in  these  units  is  a  quartz  crystal  oscillating  bean  wh.ich  i  ;  :riv-  n  it 
its  resonant  frequency  thrcuqh  piezoelectric  excitation.  T:>;  variation  ir.  thii 
rcsonunt  frequency  witi,  load  applied  by  the  bellows  provid* s  a  digital  output 
signal  that  is  porportional  to  the  applied  pressure.  When  tho-.;e  out:  ut  --lur.alc 
are  li.nearized  in  a  nicropr3ccs.'’or  as  noted  earlier,  t.hoy  -m.t  be  transmitted  t~ 
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either  a  cockpit  display  or  a  ma9nctic  tape  recorder  (in  flight-'est  applica¬ 
tions).  The  repeatability  of  the  transducer  is  to. 005  percent  the  full-scale 
pressure  range,  while  the  accuracy  of  the  transducer  system  is  about  tO.05  per¬ 
cent  of  full  scale.  If  corrections  for  the  position  error  of  tr.e  static-j. ressaro 
installation  are  applied,  the  additional  error  for  this  correction  de;.ends  'jii 
the  slope  of  the  position-error  calibration  curve,  as  in  th«'  case  of  serveed 
systems. 

For  analog  transducers,  the  pressure-sensing  elenent  is  a  flat,  circular 
diaphragm  that  divides  the  transducer  assembly  into  two  chambers  (fig.  11.14). 

The  transducer  element  most  commonly  used  ii,  this  type  of  transiucor  is  either  a 
variable-capacitance  or  a  variable-reluctance  device.  Those  ar.d  at.her  trans¬ 
ducer  elements  (strain  gage,  variable-resistance  devi.o-,  etc.)  are  described  i;. 
reference  16. 

Analog  transducers  are  used  primarily  in  flight-test  recordi.ng  systems,  fer 
whi,  the  output  signals  of  the  transducers  are  recorded  on  r»agn«.-tic  tape  •.•it;i.--r 
in  analog  form  (frequency  modulation)  or  in  digital  form  (analoc-to—Jigital  con¬ 
version).  For  analog  recording,  the  output  signal  is  processed  in  a  signal  con- 
crul  vin  it  and  a  vcltage-controlled  oscillator,  whereas  for  digital  recording  tnv 
signal  is  processed  in  a  signal  control  unit  and  a  pulse  code  rrdulatcr.  The 
accuracy  of  analog  recording  Jiystoms  is  about  tl  percent  of  the  fall-scalc- 
pressuro  range,  while  the  accuracy  of  analog-to-digxtal  recording  systems  is 
about  to. 4  percent  of  full  scale. 


Accuracy  of  Calibration  Equipment 

The  accuracy  with  which  instrument  errors  are  dote*tained  depends  fundamen¬ 
tally  on  the  accuracy  of  the  calibration  test  apparatus  and  the  calibration  test 
technique.  With  high-grade  barometers  and  manometers  and  skilled  operators,  it 
is  (xissiblc  to  duplicate  pressure  measurements  with  a  precision  cf  O.lOl  i:..  !?>? 
(ref.  18).  For  routine  calibrations,  however,  the  acturacy  is  probably  nc  betn-.-r 
than  0.005  in.  Hg  at  sea-level  pressure  and  0.003  in.  Hg  at  pressures  corrv- 
spranding  to  _lticuacs  on  the  order  cl  70  000  ft.  The  altitude  •.•rrors  corr.- 
s[xonding  to  these  pressure  accuracies  ire  5  ft  at  -lea  level  and  ft  at 
70  000  ft. 

For  the  te'.ts  of  reference  6,  two  different  C'.g>es  of  baror>c-t-;-rs  were  tu 

measure  scale  errors  and  drift  errors.  The  barometer  for  the  soaie-orror  '"sts 
was  equipped  wi  t.h  an  automatic  system  for  measuri.ng  tr.-.-  height  f  the  .oier.  iry 
column,  whereas  the  barometer  for  the  drift  tests  had  an  autcmatio  mechanism  :  r 
maintaining  the  pressure  in  the  system  at  a  selected  value.  With,  the  ^’ir-t 
barometer,  the  pressures  were  i.ndicatod  by  a  digital  .-o'lr.ter  ir.  ; -unds  .:uir- 

foot,  and  the  repeatability  of  the  readings  was  found  to  bo  .1  It  ft-.  a:th. 
t.he  second  barometer,  the  scale  was  graduated  i.n  i.-.ches  ;f  --'rcury,  m  i  t;.- 
accuracy  of  the  pressure  controller  was  found  to  b*?  ‘|.'■1  i:-..  Ho.  Al'itut-. 
incr.'ments  corresponding  to  pressure  jccuracies  o*  lb  f*-  a:.:  .  "'1  ;r..  : 

are  >;ivon  in  figure  11.15. 
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Test-point 

Sensitive 

altimeters 

Precision 

altitieccTs 

altitude, 

ft 

^Type  C-12 

^ype  C-13 

^Typ-e  riA-l  [ 

_ _ _ L 

“T-.-pt.-  A.v;-3/A 

Scale-error  tolerance,  ft 

0 

±50 

±50 

±30 

±30  1 

5  000 

±150 

±100 

±55 

±55  ! 

10  000 

±175 

±150 

±80 

±80  1 

15  000 

±235 

±200 

±105 

'105  i 

20  000 

±300 

±200 

±130 

±130  ! 

25  000 

±375 

±300 

±155 

±155 

30  000 

±450 

±300 

±180 

±130 

35  000 

±525 

±300 

±205 

•205  i 

40  000 

±600 

±300 

±230 

45  000 

±675 

±400 

±255  1 

50  000 

±750 

±500 

±230  ; 

60  000 

±800 

±800  j 

70  000 

±1200 

±1200  ' 

80  000 

±1500 

±1500  j 

Hysteresis  tolerance,  ft  j 

16  000 

— 

±70 

1 

-  1 

18  000 

— 

±70 

— 

J 

20  000 

±150 

— 

±100 

±100  j 

25  000 

±150 

— 

±100 

±10(i  j 

Aftereffect  tolerance,  ft 

0 

±60 

±50 

±50 

±30 

^Abbreviated  list  of  test  points. 
^J.L.  Air  Force  types. 
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TABLE  11.2.-  HYSTERESIS  AND  AFTEREFFECT  OF 
THREE  TYPES  OF  ALTIMETERS 
^From  ref.  ej 


Altimeter  type 

Minimum 

Maximum 

Average 

Tolerance 

Hysteresis,  ft 

C-12 

80 

112 

C-13 

60 

87 

KVl 

10 

M 

25 

Aftereffect,  ft 


C-12 

C-13 

MA-1 


25 

25 

5 


60 

55 

20 


41 

33 

10 


60 

50 

50 


TABLE  11.4.-  SCALE-EKBOR  TOLERANCES  OF  TRUE-AIRSPEED  INDICATOR^ 

^From  ref.  sj 


Altitude, 

ft 

Calibrated 

airspeed, 

knots 

True  airspeed,  knots, 
for  bulb  ten^rature  of 

-60®  C 

-40°  C 

0°  C 

40®  C 

0 

100 

104  ±  7 

450 

373  i  8 

390  t  8 

423  :  9 

— 

5  000 

100 

160  t  7 

114  ♦  7 

450 

403  i  8 

421  ±  8 

— 

— 

10  000 

100 

103  i  7 

108  ±  7 

117  r  7 

•  •• 

450 

434  i  9 

— - 

— 

— 

15  000 

100 

114  t  7 

119  t  7 

129  t  7 

400 

424  i  9 

444  ±  7 

— 

— 

20  000 

100 

126  i  7 

132  ;  7 

350 

410  i  8 

429  t  7 

— 

— 

35  000 

100 

174  t  6 

182  *  6 

250 

423  *  9 

_  z _ 

— 

^Abbreviated  list  of  test  points. 


TABLE  11.5.-  SCALE-ERROR  TOLERA.NCES  FOR  THE  ;-!ACK.METER 


From  ref 


(a)  Tolerances 
Tolerance  .... 


No.  of  test 
■Mach  numbers 


iO.OOOt  I 
i.OlOM 
i.OlSM 

Total  .... 


(b)  Test  Mach  numbers  for  scale-error  calibration 


Altitude.  1 

Calibrated  airc^^eed. 

Test 

ft- 

mph 

Mach  number 

0 

400 

0.526 

1100 

1.445 

5  000 

400 

.573 

1000 

1.413 

10  000 

400 

.625 

900 

1.378 

15  000 

300 

.518 

900 

1.498 

20.000 

300 

.570 

800 

1.443 

35  000 

200 

.528 

600 

1.430 

50  000 

200 

.732 

1 _ 

450 

1.476 

Abbreviated  list  of  test  points 


(a) 


Three-pointer  display 0/J(;/ 

OP  PUQf^ 


PACK 

QUAlVi 


1; 

■\ 


Figure  11.1.- 
displays. 


(b)  Druri-rointer  display. 

L-79-358 

Pressure  aitincters  with  difrerent  altitude 
(Courtesy  oC  F.ollsnan  Instrument  Co.) 
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Scalc-crror  tolerance 


137 


Illustrjtion  of  sc.ile-error  calibration  of  a  pressure  altimeter.  Also  shown 
arc  the  errors  due  to  hysteresis,  drift,  aftereffect,  and  recovery. 


0 


10 


20  30 

Altitude,  ft 


40  X  1000 


(a)  Type  C-13. 


Ini' teas  Inn  altitude 
■  necreasins  altitude 


X  1000 


(c)  Tyi»o  r-uv-l. 

Fiquro  11.3.-  Scale  errors  and  hy:.torests  of  throe  typo.s 
of  altiniotors.  (Adapted  from  ref.  6.) 


Drift  error,  ft  Drift  error,  ft  Drift  error,  ft 


80 


(c)  Type  MA-i. 

Figure  H.4.-  Drift  errors  of  three  types  of  altimeters. 
(Adapted  from  ref.  3.) 
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L-79-362 

Figure  11.8.-  Rate-of -climb  indicator.  (Courtesy 
of  Kollsman  Instrument  Co.) 


Indicator  Display 


t'iquro  11.9.-  Diaqram  of  mechanical  and  electrical  instrument  systenis. 


15,2401 


3- digit  counter 
2- digit  drun 


L-79-363 

Figure  11.10.-  Counter-drum-pointer  servoed  altimeter. 
(Courtesy  of  Harowe  Systems,  Inc.) 
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(b)  Differential-pressure  transducer. 


Figure  11.14.-  Analog  pressure  transducers. 


{Adapted  from  ref 


OklGlNAL  PA'JB  I: 
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CHAPTER  XII 


OPERATIONAL  ASPECTS  OF  ALTIMETRY 

In  the  description  of  the  altimeter  test  procedures  in  chapter  XI,  it  was 
noted  that  altimeters  are  calibrated  with  the  barometric  subdial  scale  set  at 
29.92  in.  Hg,  the  sea-level  pressure  in  the  standard  atmosphere.  If  the  baro¬ 
metric  subdial  is  also  set  at  29.92  in.  Hg  for  operational  use,  the  altimeter 
indicates  pressure  altitude  above  sea  level.  This  pressure  altitude  differs 
from  the  geometric  height  whenever  the  sea-level  pressure  or  temperature  gradi¬ 
ent  of  the  atmosphere  differs  from  the  standard  value.  To  account  for  these 
variations  in  pressure  and  temperature,  the  barometric  subdial  can  be  adjusted 
so  that  the  altimeter  indicates  either  the  elevation  of  the  airport  or  zero 
height  at  the  airport  elevation.  Thus,  in  service  operations,  the  barometric 
subdial  may  be  set  at  ona  of  three  settings,  which  are  assigned  the  following 
2  signals  in  the  Aeronautical  Code: 

QFE  barometric  subdial  set  at  29.92  in.  Hg 

QNH  barometric  subdial  setting  for  altimeter  to  indicate  elevation  of 
airport 

QNE  barometric  subdial  setting  for  altimeter  to  indicate  zero  at  the 
airport 

The  QNH  settings  are  used  by  all  aircraft  for  take-off  and  landing  and  for 
the  vertical  separation  of  aircraft  at  altitudes  below  18  000  ft  (ref.  1).  The 
QNE  settings  are  used  by  seme  airline  operators  during  landing  approaches  to 
provide  a  cross-check  with  another  altimeter  set  to  QNH.  The  QFE  settings  are 
used  by  all  aircraft  for  vertical  separation  at  altitudes  above  18  000  ft. 

In  practice,  the  pilot  adjusts  the  barometric  scale  prior  to  take-off 
until  the  altimeter  indicates  the  elevation  of  the  airport  (QNH  value).  Before 
landing  at  his  destination,  he  resets  the  barometric  scale  to  the  existing  QNH 
value  for  that  area  so  that  the  altimeter  indicates  the  elevation  of  that  air¬ 
port  when  the  aircraft  lands.  The  current  QNH  settings  are  measured  at  the  air¬ 
port  weather  stations  and  are  reported  to  the  pilots  by  radio. 


Barometric  Scale  Settings 

The  mechanisms  that  rotate  the  barometric  scale  and  the  pointers  of  the 
altimeter  are  linked  together  so  that  adjusting  the  barometric  scale  rotates 
the  pointer.  The  correspondence  between  the  two  scales  is  the  same  as  the 
pressure-height  relation  in  the  standard  atmosphere. 

The  interaction  between  the  barometric  scale  and  the  altimeter  pointer  can 
be  illustrated  with  the  two  hypothetical  atmospheric  conditions  s.hcwn  in  fig¬ 
ure  12.1.  The  curve  to  the  right  in  both  charts  represents  the  pressure-height 
relation  in  the  standard  atmosphere.  Since  the  barometric  scale  and  the  alti¬ 
tude  scale  of  the  altimeter  have  the  same  relation,  an  identical  cur'/e. 
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reprcrsontinq  th--  two  altimc‘*:or  scales,  can  be  '.hounht  to  lie  on  top  of  tho 
atmospheric  curve.  Thus  tho  abscissa  of  tho  ciiarts  can  jo  labeled  baromi'tnc 
subdial  scale  as  well  as  atmospheric  pressure,  and  the  ordinate  can  he  lalx-leil 
altimeter  scale  as  well  as  qeometric  height. 

The  curve  to  the  left  in  figure  12.1  (a)  represents  an  atmosplior ic  con.ii- 
tion  in  which  the  temperature  gradient  is  standard  and  the  sea-U-vel  pressure 
is  28.75  in.  Hg.  For  this  condition,  the  altimeter  indicates  1100  ft  if  th*. 
barometric  scale  is  set  at  29.92  in.  Hg.  When  the  scale  is  adjusted  to 
28.75  in.  Hg,  the  altimeter  scale  curve  is  moved  down  until  it  intersm-ts 
28.75  in.  Hg  on  the  zero-height  axis.  The  altimeter  pointer  will  then  indicate 
zero,  and  the  altimeter  will  indicate  geometric  height  througliout  the  altitude 
range. 

The  curve  to  the  loft  in  fifure  12.1(b)  depicts  an  atmosplteric  condition  in 
which  the  sea-level  pressure  is  standard  .nid  the  temperature  gradient  is  lielow 
standard.  For  this  condition,  the  altinuttor  indicates  zero  height  at  se.i  level 
when  tho  barometric  scale  is  set  at  29.92  in.  Hg  (t.lie  I'xisting  sea-level  priu;- 
sure).  At  heights  above  sea  level,  however,  the  altimeter  indications  an' 
higher  than  tho  geometric  heights.  For  example,  if  the  altimeter  is.  taken  ti’  a 
height  of  15  000  ft  whore  tho  existing  pressure  is  14.82  in.  Hg,  th<'  altimeter 
will  indicate  13  200  ft  (as  shown  by  the  intersection  ef  rltis  pn’s.-ujre  with  the 
altimeter  scale  curve) . 

When  the  aiqiort  elevation  is.  at  sea  l.'vel,  the  <,'NH  value  is.  i  h«'  s.im.-  ae. 
the  cxi.sting  soa-lovel  pressure.  When  the  airi'ort  elevation  is  an  appreciable 
height  above  sea  level,  however,  tho  QNH  value  iliffers  from  the  sea-levi'l  pres¬ 
sure  whenever  the  temperature  grad'ent  differs  from  that  in  the  standanl  atmo¬ 
sphere.  This  difference  can  be  illustrated  by  the  ex.imple  shown  in  figiin*  12.2. 
For  the  case  shown,  tho  airport  elev.ition  is  5000  ft,  the  sea-level  pres.-uire  is 
29.92  in.  Hg,  and  tho  temperature  gmdieiit  is  below  standard.  When  an  altinet<  ; 
at  tho  .airport  is  adjusted  to  iiidicatt'  5000  ft,  the  huronn't  r  i.'  s.-alc  indicate;; 
28. JO  in.  Hg  (as  .shown  by  the  intorsoctieu  of  the  alfimv'ter  scale  curve  with 
tho  coro-hoight  axis).  For  this  case,  therefore,  the  barometric  :;ulvli.il  inii- 
cates  a  ^NH  value  that  is  different  from  tlv'  .utu.il  pressur;'  .it  ;.ea  level. 

When  the  b.ironetric  s.cale  is  set  to  the  v'MH  value  .it  in  airi'crt,  t!;e  .iltim- 
eter  should  provide  approximate  measures  of  geometric  lieignt  this'iuih  t  lie  rel.i- 
tively  small  height  range  levpur.'d  r.>  clear  ground  eb;:t  .ic  i during  take-of; 
and  landing.  In  an  i  nve::t  igat  ion  to  di't.'imine  how  iccur.it.'lv  the  .iltimete*..  in 
service  aircraft  n'ca.sure  gi-onetriv-  lu'ight  in  rout  uu-  'pergt  ton-.;  (lef.  21,  t!;c 
geometric  height:;  ,>t  a  widi-  variety  ot  aircr.iit  (v-ivil  transp>'it,  niUt.nv,  .ind 
general  .aviation)  were  mv'asured  by  a  gtmind  caim'r.i  at  .i  point  O'vUi  it  from  ti;e 
end  of  the  runw.iy  of  .i  comnercial  .liiport.  Tlu'  .iltifude;;  in.lUMtcl  by  the  ceck- 
pit  altimeters  ov.-r  thas.  point  w,'re  ob:;erved  by  the  .oilcts  a.nd  t.-poi  ted  to  t 
ground  st.it  ii'n. 

Th«*  ti'suit;:  of  the  tei-ts  .showeil  th.it  for  .in  avci  ago  geonetric  hei.jiu  ct 
280  ft  in  the  landing  .ippreach,  the  »li::t  ribut  iv'ti  ot  the  .iltimeter  sys.t.nn  .tt  f  . 
of  all  of  the  aircr.ift  had  .i  bia;;  ot  i-lil  tt  ind  .i  m.iximun  :'!‘e!',iide  erier 
(99.7  percent  prorability)  of  *I5a  ft  .iKuit  the  bi.is.  Ki'i  .in  .iver.ige  gc.>ni.-t  t  ; 
height  ot  440  ft  during  t.ike-off,  the  lua:;  ''f  the  error  d  i  st  r  i  but  ten  w.is  -  ;i  :t 
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and  the  maximusi  probable  error  was  ±207  ft.  The  signs  of  the  bias  values  of 
the  two  error  distributions  were  in  directions  that  could  be  accounted  for  by 
pressure-system  lag  and  instrument  friction  lag. 

The  QNH  setting  is  also  used  on  cross-country  flights  where  altitude  infor¬ 
mation  is  needed  for  terrain  clearance  in  mountainous  areas  and  for  the  vertical 
separation  of  aircraft  below  18  000  ft.  On  such  flights,  the  pilots  are  required 
to  continually  reset  the  barometric  scales  to  the  QNH  values  reported  by  stations 
along  the  route. 

Even  with  altimeters  set  to  the  latest  reported  QNH  settings,  however,  the 
vertical  separation  between  two  aircraft  may  be  less  than  the  prescribed  minimum. 
The  sep^u^ation  may  be  reduced,  for  example,  when  two  aircraft  approach  each 
other  from  airports  reporting  different  QNi!  settings.  The  separation  may  also 
be  reduced  if  there  is  a  change  in  the  atmospheric  conditions  after  an  altimeter 
has  been  set  to  a  QNH  value.  The  effects  of  atmospheric  changes  depend  on  the 
distance  between  the  QNH  reporting  stations  and  on  the  variation  of  the  atmo¬ 
spheric  pressure  with  time.  In  an  analysis  of  these  effects  in  reference  3,  the 
following  conditions  were  assumed:  a  distance  of  130  miles  between  stations,  a 
pressure  variation  of  4  millibars  per  hour,  and  a  time  lapse  of  1/2  hour  from 
the  time  of  the  QNH  report.  At  the  midpoint  between  the  stations,  the  altitude 
error  under  these  conditions  was  estimated  to  bj  200  ft.  As  noted  in  the  study, 
however,  even  this  value  might  be  too  conservative,  for  errors  of  as  much  as 
500  ft  have  been  reported  at  the  boundaries  of  QNH  reporting  stations  in  some 
areas  of  Europe. 

To  avoid  the  uncertainties  in  the  indications  of  altimeters  set  to  QNH  for 
high-altitude  and  transoceanic  flights,  the  altimeters  of  all  aircraft  operating 
above  18  000  ft  are  set  to  the  QFE  value  (29.92  ii;.  Hg) .  With  this  setting,  the 
altimeters  in  the  aircraft  above  any  given  point  on  the  Earth  are  referenced  to 
the  same  pressure.  If  the  reference  pressure  changes,  the  flight  level  of  each 
of  the  aircraft  moves  up  or  down  by  the  same  amount,  so  that  the  relative  sepa¬ 
ration  remains  the  same  (assuming  that  the  temperature  gradient  of  the  air  is 
standard).  If  the  temperature  gradient  varies  from  the  standard,  the  distance 
between  the  flight  levels  decreases  when  the  gradient  is  below  standard  and 
increases  when  the  gradient  is  above  standard. 

During  flights  over  mountains,  the  difference  between  the  indicated  alti¬ 
tude  and  the  geometric  height  presents  the  greatest  hazard  when  the  atmospheric 
temperature  is  extremely  low,  for  then  the  altimeter  indication  is  higher  than 
the  geometric  height.  To  determine  the  altimeter  error*,  that  night  be  encoun¬ 
tered  at  extremely  low  temperatures,  the  geometric  heights  at  given  flight 
levels  were  computed  for  the  coldest  day  in  the  winter  of  1961-62  at  three  air¬ 
ports  in  the  northwestern  United  States.  The  temperature-height  profiles  for 
this  day  at  the  three  airports  are  shown  in  figure  12.3  together  with  the  tem¬ 
perature  variation  in  the  standard  atmosphere. 

For  each  of  the  airport  locations,  the  aircraft  was  considered  to  be  flying 
at  the  mininuja  en  route  altitude  specified  by  the  civil  regulations  (2000  ft 
above  the  highest  peak  in  the  region).  The  barometric  scale  was  assumed  to  be 
set  to  the  existing  QNH  value,  so  that  the  indicated  altitudes  wer.*  measures  of 
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the  preusure  altitude  above  the  airport.  The  qconvetric  height  Z  of  the  air¬ 
craft  was  computed  from 


Z  =  E  +  (Hi  -  (12.1) 

*m,  s 

where  E  is  the  elevation  of  the  airport.  Hi  the  indicated  altitude,  and 
Tm,a  and  T,„  3  the  actual  and  standard  mean  temperatures  of  the  air  between 
the  airport  and  the  flight  level.  The  results  of  those  computations,  listed  in 
table  12.1,  show  the  difference  between  the  indicated  altitude  and  the  geometric 
height.  Hi  -  Z,  to  be  as  much  as  950  ft. 

The  preceding  discussion  has  considered  only  the  effects  of  atmospheric 
variations  on  the  indications  of  altimeters  set  to  QMH.  The  accuracy  of  the 
altitude  indications,  however,  also  depends  on  the  accuracy  with  wlijch  the  QNH 
value  is  measured  at  the  ground  station  and  on  how  closely  the  pilot  adjusts  the 
barometric  scale  to  the  reported  value.  The  altitude  perceived  by  the  pilot  in 
turn  depends  on  his  interpretation  of  the  altitude  displayed  on  the  instrument 
dial.  With  the  three-pointer  altitude  display  (chapter  XI),  pilots  sometimes 
misread  the  displayed  altitude  by  one  or  more  thousands  of  feet.  T)ie  drum- 
pointer  and  counter-pointer  displays,  with  digital  readouts  in  lOOO-ft  incre¬ 
ments,  were  developed  to  overcome  this  kind  of  reading  error. 


Flight  Technical  Error 

The  actual  flight  level  of  an  aircraft  during  cruising  flight  usually  dif¬ 
fers  from  its  assigned  fligut  level  by  an  £unount  equal  to  the  instrument  system 
error  (defined  in  chapter  II) .  Because  of  difficulties  in  constantly  maintain¬ 
ing  level  flight  (either  because  of  the  characteristics  of  tlie  elevator  control 
system  or  deficiencies  in  the  autopilot  and  its  altitude-liold,  or  height-lock, 
system),  the  aircraft  may  occasionally  deviate  from  the  flight  level  the  pilot 
is  attempting  to  maintain.  These  occasional  deviations  from  level  fligiit  are 
called  flight  technical  error  (ref.  3). 

Efforts  to  collect  stacistical  information  on  the  magnitui'o  and  freqiieticy 
of  the  flight  technical  error  were  initiated  by  the  International  Civil  Aviation 
Organization  (ICAO)  in  1956.  Additional  investigations  were  cotiducti'd  by  tiie 
British  Ministry  of  Transport  and  Civil  Aviation  (HTCA)  in  1957,  the  J.S.  Civil 
Aeronautics  Administration  (CAA)  in  1958,  the  National  Aeronautics  and  Space 
Administration  (NASA)  in  1961-63,  and  the  International  Air  Transport  Associa¬ 
tion  (lATA)  in  1962,  1963,  and  1965  (refs.  4  through  9) . 

In  the  initial  ICAO  study,  and  in  the  later  CAA  aiui  MTCA  stu.iies,  the 
of  civil  aircr.ift  wore  asked  to  keep  records  of  all  excursions  of  tlie  aircraft 
from  level  flight  as  indicated  by  the  cockpit  altinK'ters.  In  these  throe 
studies,  pilct  observations  of  .rititude  <Jeviation.i  were  collect.,-d  fr*'m  a  wide 
variety  of  aircraft  i.n  cruisi.ig  flight  .it  altitudes  up  to  JS  OiJO  ft. 

The  pilots*  reports  wore  correlated  in  terms  of  the  naunitvuies  of  the  d.ovi- 
atio-s  and  tdic  frotjuency  of  their  occurrence.  Tlio  deviations  were  raiidonly 
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distributed  about  the  flight  level  and  had  values  that  would  conform,  approxi¬ 
mately,  to  a  normal  distribution  curve.  The  probability  of  the  occurrence  of  a 
deviation  of  a  given  magnitude  could,  therefore,  be  calculated.  The  magnitude 
selected  by  ICAO  was  the  maximum  probable  error,  defined  as  the  value  equal  to 
three  times  the  standard  deviation  (O)  of  the  data.  This  maximum  probable  error 
represents  the  altitude  deviation  that  would  be  equaled  or  exceeded  for  0.3  per- 
»  cent  of. the  deviations.  The  data  collected  in  the  ICAO,  CAA,  and  MTCA  studies 
showed  the  flight  technical  error  to  increase  with  altitude  and  to  have  a  3o 
value  of  about  500  ft  at  an  altitude  of  40  000  ft  (ref.  3) . 

In  the  lATA  investigations  (refs.  5  and  6),  pilot  reports  of  altitude  devia¬ 
tions  were  obtained  in  routine  flights  of  comnercial  transports  flying  across  the 
North  Atlantic  Ocean  at  altitudes  above  29  000  ft.  The  data  from  these  flights 
were  analyzed,  as  in  the  ICAO  study,  to  yield  a  3o  value  which  was  found  to  be 
190  ft  for  these  particular  operations.  The  much  lower  value  from  these  tests 
(compared  with  500  ft  found  in  the  earlier  studies)  can  be  accounted  for  by  the 
fact  that  the  transports  in  the  lATA  tests  were  equipped  with  autopilots  with 
altitude-hold  systems,  whereas  the  aircraft  in  the  earlier  tests  were  operated, 
for  the  most  part,  under  manual  control. 

In  the  NASA  investigations  (refs.  8  and  9),  the  flight  technical  errors 
were  determined  from  an  evaluation  of  the  altitude  traces  obtained  from  NASA 
recording  altimeters.  These  recorders  were  installed  in  a  variety  of  civil 
transports  flying  both  domestic  and  transoceanic  routes  at  altitudes  up  to 
40  000  ft.  The  altitude  recordings  were  analyzed  in  terms  of  the  altitude  devi¬ 
ation  beyond  which  the  airplane  would  be  expected  to  operate  for  0.3  percent  of 
the  cruise  time.  Since  this  criterion  provides  an  indication  of  the  length  of 
time  the  airplane  was  away  froni  its  flight  level,  it  represents  a  more  meaning¬ 
ful  measure  of  collision  exixssure  than  tl>at  provided  by  the  30  errors. 

The  results  of  the  NASA  analysis  are  presented  in  figure  12.4.  The  values 
of  the  altitude  deviations  are  plotted  at  the  middle  of  each  5000-ft  altitude 
bracket  within  which  the  values  were  recorded.  The  deviations  were  all  experi¬ 
enced  when  the  airplanes  were  under  autopilot  altitude-hold  control .  With  the 
exception  of  one  airplane,  the  deviations  in  the  altitude  range  below  25  000  ft 
were  within  160  ft.  The  deviations  in  the  altitude  range  above  25  000  ft  were 
within  225  ft. 


Overall  Altitude  Errors 

The  overall  altitude  error  is  the  deviation  of  an  aircraft  from  its 
assigned  altitude,  that  is,  the  sum  of  the  altimeter-system  error  and  the  flight 
technical  error  (fig.  12.5).  A  number  of  attempts  have  been  made  to  estimate 
the  overall  altitude  errors  of  aircraft  (refs.  3,  4,  6,  and  10  to  13)  to  see 
whether  these  overall  errors  provide  adequate  clearance  within  the  prescribed 
vertical  separation  minima  (1000  ft  for  altitudes  up  to  29  000  ft  and  2000  ft 
for  altitudes  above  29  000  ft  (ref.  1)).  For  the  altitude  range  from  29  000 
to  40  000  ft,  assessments  have  also  been  made  to  see  whether  the  overall  alti¬ 
tude  errors  would  permit  a  reduction  in  the  separation  minimum  from  2000  to 
1000  ft.  As  shown  in  the  following  discussion,  the  validity  of  these 
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assessments  depends  on  the  accuracy  of  the  values  assigned  to  the  altimeter- 
system  and  flight  technical  errors  and  on  the  procedure  by  which  these  errors 
are  combined. 


In  an  early  assessment  of  the  errors  of  aircraft  operating  in  the  29  000-ft 
to  40  000-ft  range  (ref.  10),  the  overall  altitude  error  was  determined  by  com¬ 
bining  the  altimeter-system  and  flight  technical  errors  by  statistical  summation 
Mith  this  procedure  for  combining  the  errors,  the  maximum  probable  value  (30)  of 
the  overall  altitude  error  was  determined  as  three  times  the  square  root  of  the 
sum  of  the  squares  of  the  standard  deviations  of  the  individual  errors.  The 
value  of  the  altimeter-system  error  was  derived  from  a  survey  of  the  available 
data  on  the  instrument  and  static-pressure  errors  of  the  aircraft  in  service  at 
the  time  of  the  study.  An  analysis  of  these  data  showed  the  two  errors  to  be 
normally  distributed,  to  increase  with  altitude,  and  to  have  maximum  probable 
values  at  an  altitude  of  40  000  ft  of  250  ft  for  the  instrument  error  and  265  ft 
for  the  static-pressure  error.  The  maximum  probable  value  for  the  flight  tech¬ 
nical  error  was  the  500-ft  value  determined  in  the  studies  discussed  in  the 
previous  section,  rrom  these  three  values,  the  maximum  probable  overall  alti¬ 


tude  error  was  calculated  to  be 


or  618  ft. 


This 


6ia-ft  value  was  considered  to  represent  the  deviation  that  would  be  equaled  or 
exceeded  by  0.3  percent  of  the  aircraft  assigned  to  a  flight  level  of  40  000  ft. 
for  aircraft  flying  adjacent  flight  levels,  the  overall  altitude  errors  of  the 
aircraft  on  the  two  levels  were  calculated  by  combining  two  of  the  613-ft  values 


by  statistical  summation. 


This  calculation. 


m 


which  can  also 


be  expressed  as  618^^,  yields  a  value  of  874  ft,  which  was  then  considered  to 
represent  the  loss  in  vertical  separation  that  would  be  experienced  by  0.3  per¬ 
cent  of  the  aircraft  assigned  to  the  two  flight  levels.  Wnen  this  separation- 
loss  figure  was  increased  by  50  ft  to  account  for  the  vertical  dimensions  of  the 
aircraft,  the  actual  separation  for  an  assigned  separation  of  1000  ft  was  76  ft. 


A  more  conservative  approach  to  the  vertical  separation  problem  would 
require  that  the  maximum  probable  overall  altitude  errors  of  the  aircraft  on 
adjacent  flight  levels  be  less  than  one-half  of  the  vertical  separation  minimum, 
or  500  ft  for  an  assigned  separation  of  1000  ft.  This  approach  was  taken  by 
lATA  in  its  assessment  of  the  altimeter  and  flight  technical  errors  in  refer¬ 
ence  6.  The  altimeter-system  errors  for  this  study  were  determined  experimen¬ 
tally  during  the  same  tests,  discussed  in  the  previous  section,  that  the  flighc 
technical  errors  of  commercial  transports  were  measured  over  the  :torth  Atlantic 
in  the  altitude  range  above  29  000  ft.  In  these  tests,  the  combined  altimeter- 
system  errors  of  two  aircraft  were  determined  from  a  comparison  of  the  geometric 
and  indicated  altitudes  of  aircraft  on  adjacent  flight  levels.  The  indicated 
altitudes  were  measured  with  the  cockpit  altimeters,  while  the  geometric  alti¬ 
tudes  were  measured  with  radar  altimeters.  The  results  of  the  tests  showed  the 
combined  altimeter-system  errors  to  have  a  normal  distribution  with  a  maximum 
probable  value  (3:)  of  510  ft.  From  this  value  for  two  aircraft,  the  maximum 
probable  value  for  one  aircraft  was  calculated  to  be  Siojyfl,  or  363  ft.  The 
overall  altitude  error  for  one  aircraft  was  then  determined  as  the  statistical 
sum  of  this  360-ft  value  and  the  maximum  probable  value  of  the  flight  technical 
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Ataospheric  pressure  and  baronetric  subdial  scale.  In.  Hg 


(a)  Sea- level  pressure  below  standard  and  temperature  gradient  standard. 


Atnospherlc  pressure  and  baronetric  subdial  scale,  in.  Hg 


(b)  Sea- level  pressure  standard  and  temperature  gradient  below  standard. 
Figure  12.1.-  Two  hypothetical  pressure-height  variations  in  the  atmosphere 
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Figure  12.2.-  Pressure-height  variation  x  i  an  atmosphere  in  which 
sea-level  pressure  is  standard  and  the  temperature  gradient  is 
below  standard.  Altimeter  at  elevation  E  is  set  to  the 
value  at  that  elevation. 
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Figure  12.3.-  Low-i-srsperature  atanospheres  at  three  airports  in  the 
northwestern  United  States. 


211 


212 


l-'igurt!  12.4.-  I’lLght  technical  errors  of  19  civil  transports.  Altitude  deviations  for 
each  airplane  are  plotted  at  the  inidi>oint  of  each  5000-ft  altitude  bracket  within 
which  the  data  were  recorded.  (Adapted  front  ref.  9.) 
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CHAPTER  XIII 


OTHER  AZ-TITUDE-MEASUrtINC  >tSTHCDS 

Thus  far,  the  only  altitude-measuring  method  that  has  been  discussed  is 
based  on  the  measurement  of  atmospheric  pressure  and  the  pressure-height  varia¬ 
tion  in  the  standard  atmosphere.  Because  of  the  exponential  decrease  of  pres¬ 
sure  with  height  in  this  atmosphere  and  the  decreased  accuracy  of  the  pressure 
altimeter  at  altitudes  above  SO  000  ft,  a  variety  of  other  methods  have  been 
investigateo  tor  measuring  altitude  at  high  altitudes  (refs.  1  and  2).  A  number 
of  low-range  altimeters  have  also  been  investigated  for  measuring  height  above 
the  terrain  during  landing  approaches.  Eor  a  discussion  of  both  the  high-range 
and  low-range  methods,  the  various  altimeters  are  grouped  according  to  the 
following  classification: 

Measurement  of  height  above  the  terrain 

Radio  and  radar  altimeters 
Laser  altimeter 
Sonic  altimeter 
Capacitance  altimeter 

Measurement  of  altitude  (pressure  or  density)  above  sea  level 

Density  altimeter 
Limited-range  pressure  altimeter 
Hyp some ter 

Measurement  of  height  above  sea  level 

Cosmic-ray  altimeter 
Gravity  meter 
Magnetometer 

Of  all  the  altimeters  in  the  foregoing  list,  only  the  radio  and  radar 
altimeters  have  beer,  developed  for  operational  use  in  service  aircraft.  The 
limited-range  pressure  altimeter  has  been  used  in  flight  tests  of  an  experi¬ 
mental  airplane,  while  the  hypsometer  has  been  used  in  radiosondes,  rocketsondes, 
and  balloons.  The  remaining  altimeters  have  been  developed  as  experimental 
models  to  test  the  feasibility  of  the  altitude-measuring  principles. 


Radio  and  Radar  Altimeters 

Measurement  of  height  by  radio  and  radar  aittmeters  is  accomplished  by 
transmitting  a  radio-frequnney  wave  from  the  aircraft  to  the  ground  and  measur- 
ir«g  some  characteristic  of  the  reflected  wave. 

With  radio  altimeters,  a  continuous  wave,  modulated  in  either  frequency  or 
amplitude,  is  transmitted  from  the  aircraft,  and  the  return  signal  is  compared 
with  a  sample  of  the  instantaneous  signal  being  transmitted.  In  the  frequency- 
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mcxlulated  type,  the  difference  between  the  frequencies  of  tne  transmitted  and 
received  signals,  which  is  a  function  of  the  modulation  rate  and  time,  provides 
a  measure  of  the  height.  In  the  phase-comparison-type  altimeter,  the  phase 
relation  between  the  transmitted  signal  (which  may  be  either  frequency  cr  ampli¬ 
tude  modulated)  and  the  received  signal  provides  a  measure  of  the  signal  transit 
time  and,  thus,  of  height. 

The  accuracy  of  radio  altimeters  is  generally  ±2  ft  for  heights  up  to 
40  ft  euad  ±2.5  percent  of  the  height  for  heig.its  above  40  ft.  The  height  range 
is  usually  limited  to  3000  ft  because  the  errors  become  excessive  at  greater 
heights . 

With  Che  radar  altimeter,  the  radiation  is  transmitted  as  a  series  of  dis¬ 
crete  pulses,  and  the  distance  between  the  aircraft  and  the  ground  is  determined 
by  measuring  the  time  for  the  reflected  wave  to  be  received  at  the  aircraft. 
Since  the  accuracy  of  the  instrument  depends  on  the  width  of  the  transmitted 
pulse  and  on  the  accuracy  of  the  time  measurement,  tneasuremer ts  at  low  heights 
require  ultrashort  pulses  and  extremely  precise  time  measurements.  For  this 
reason,  the  lower  limit  of  the  range  of  radar  altimeters  is  generally  at  least 
500  ft  above  the  ground. 

The  accuracy  of  radar  altimeters  is  ±(25  ft  +  0.')2E  percent  of  the  height) 
and  the  height  range  is  500  ft  to  60  CDO  ft.  To  provide  height  measurements 
below  300  ft,  some  ttanufacturers  have  developed  radio-radar  altimeters  in  which 
the  radio  altimeter  operates  from  0  to  3000  ft  and  the  radar  altimeter  from 
3000  ft  to  60  000  ft. 

The  accuracy  and  the  maximum  range  of  radar  and  radio  altimeters  depend  net 
only  on  the  characteristics  of  the  instrument  but  also  on  the  nature  of  the 
terrain  below  the  aircraft.  With  the  exception  of  very  smooth  and  dense  sur¬ 
faces  (such  as  calm  lakes  and  paved  runway  surfaces) ,  tiio  reflection  of  the 
transit  tted  wave  from  the  terrain  is  diffuse  rather  than  specul-r  (mirror 
reflection).  This  diffused  scattering  of  the  wave  results  in  a  loss  in  power 
of  the  reflected  wave  which,  in  combination  with  the  power  lost  by  the  absorp¬ 
tion  of  wave  energy  by  the  terrain,  limits  the  maximum  altitude  capability  of 
the  altimeter. 

The  accuracy  of  the  height  indications  can  also  be  affected  when  the  tra.ts- 
mitted  signal  is  captured  and  reflected  by  the  terrain  nea>'“3t  the  aircraft. 
Thus,  when  the  aircraft  is  flying  in  the  vicinity  of  mountain.^,  the  altimeter 
may  measure  the  distance  to  some  part  of  the  nearest  hill. 

Radar  and  radio  altimeters  have  a  high  order  of  accuracy  and  are  valuable- 
instruments  for  indications  of  terr.iin  clearance.  They  would  be  unsuitable  fer 
the  vertical  separation  of  aircraft  at  high  altitudes,  however,  because  they 
measure  height  above  the  terrain  rather  than  above  sea  level.  Furtharmcre, 
the  accuracy  of  the  radar  at  an  altitude  of  50  000  ft  is  not  significantly 
better  than  that  of  the  best  of  the  present-day  computer-corrected  pressure 
altimeters. 
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Loser  Altimeter 


A  laser-c/pe  oi timeter  has  recently  been  developed  for  measuring  height 
above  the  terrain  at  altitudes  up  to  3000  ft  'ref.  3) .  The  laser  system  con¬ 
sists  of  a  pulsed  laser  transmitter  and  receiver  and  a  timing  device  to  measure 
the  tr^msit  time  of  the  pulse  to  the  ground  and  back  to  the  receiver. 

The  experimental  model  described  in  reference  3  has  been  flight-tested  over 
various  types  of  terrain  (farmland,  wooded  areas,  and  open  bodies  of  water)  at 
altitudes  up  to  2000  ft.  Recordings  of  the  ground  profiles  indicated  good  sig¬ 
nal  return  over  well-defined  terrain,  but  some  uncertainty  in  the  height  measure¬ 
ments  over  wooded  areas  where  the  laser  pulses  did  not  always  penetrate  the 
foliage  to  the  ground  level.  In  addition,  discontinuities  in  tne  recorded  data 
occurred  over  surfaces  with  low  diffuse  reflectivity,  such  as  asplialt  paving. 


Sonic  Altimeter 

Sonic  altimeters  measure  height  above  the  terrain  by  transmitting  a  sound 
wave  from  the  aircraft  and  measuring  either  (1)  the  time  for  the  ground- 
reflected  signal  to  be  received  at  the  aircraft  or  (2)  the  phase  shift  of  the 
reflected  signal.  Because  of  the  relatively  low  speed  of  sound,  altimeters 
utilizing  sound  transmission  are  limited  to  low  altitudes  and  low  speeds.  For 
one  pulse-type  altimeter,  the  altitude  limitation  is  300  ft  and  the  aircraft- 
speed  limitation  is  150  knots. 

The  reliability  of  sonic  altimeters  is  very  dependent  on  the  character  of 
the  terrain  below  the  aircraft.  In  flight  test?  of  a  pulse-type  altimeter  over 
a  soft  terrain  such  as  grassland,  for  example,  the  pointer  of  the  indicator 
fluctuated  through  a  wide  aiqjlitude.  Even  over  hard  surfaces  such  as  a  concrete 
runway,  pointer  fluctuations  occurred  at  altitudes  above  100  ft  because  of  the 
weak  signal  return  at  those  heights. 


Capacitance  Altimeter 

Since  an  aircraft  and  the  Earth  can  act  as  the  two  plates  of  a  condenser, 
the  capacitance,  which  varies  with  the  distance  between  the  two  plates,  can  oe 
used  as  a  means  of  measuring  the  height  of  the  aircraft  above  the  ground.  In 
one  application  of  this  method  (ref.  4),  use  was  made  of  the  principle  that  the 
capacitance  between  two  insulated  conductors  is  altered  by  the  proximity  cf  a 
third  conductor.  Thus,  two  insulated  electrodes  can  be  mounted  some  distance 
apart  on  an  aircraft,  so  that  the  capacitance  between  the  electrodes  provides  a 
measure  of  the  distance  between  the  aircraft  and  the  ground.  The  change  in 
capacitance  with  height  is  greatest  when  the  aircraft  is  close  to  the  grou.nd  and 
decreases  rapidly  as  the  height  of  the  aircraft  increases. 

I.n  the  development  of  the  capacitance  altimeter  reported  in  reference  4, 
flight  tests  were  conducted  with  various  types  of  electrodes  installed  on  the 
wing  tips  or  on  the  underside  of  the  fuselage  of  a  variety  of  aircraft.  The 
results  of  the  tests  showed  that  the  altitude  range  over  which  reliable  height 
indications  could  be  obtained  was  generally  less  tnan  200  ft. 
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Density  Altimeter 


A  niifflber  of  devices  have  been  investigated  for  the  measurement  of  air 
density  on  radiosondes,  aircraft,  and  missiles.  In  one  system,  air  from  ar.  air- 
san^ling  sensor  is  brought  into  a  chamber  where  the  density  of  that  air  is 
determined  by  (1)  measuring  the  breakdown  potential  between  two  electrodes, 

(2)  measurin9  the  change  in  resistance  of  a  heated  wire  resulting  from  the  cool¬ 
ing  action  of  the  air,  or  (3)  ionizing  the  air  by  means  of  a  heated  or  radio¬ 
active  cathode  and  then  measuring  the  resulting  ionic  current.  In  another  sys¬ 
tem,  a  beta-  or  ultraviolet-ray  emitter  on  the  forward  part  of  the  aircraft 
ionizes  a  portion  of  the  air  immediately  ahead  of  the  aircraft;  the  backscatter 
produced  by  the  ionization  of  the  air  is  then  measured  by  a  detector  located 
near  the  emitter. 

The  altitude  range  of  density-type  altimeters  begins  at  an  altitude  of  about 
SO  000  ft,  because  at  lower  altitudes,  the  measurements  are  adversely  affected 
by  the  presence  of  water  vapor  in  the  air.  The  use  of  a  density  altimeter  as 
an  operational  instrument,  therefore,  would  require  an  auxiliary  pressure  altim¬ 
eter  below  50  000  ft.  Furthermore,  since  the  accuracy  of  the  density  altimeters 
that  have  been  develops  -  is  no  greater  than  that  of  the  pressure  altimeter,  the 
density  altimeter  offers  no  advantage  over  present-day  operational  systems. 


Limited-Range  Pressure  Altimeter 

With  the  limited-range  pressure  altimeter,  the  aneroid  is  a  so-called 
collapsed,  or  nesting,  capsule  that  is  designed  to  start  its  deflection  at  some 
high  altitude.  In  one  design  of  this  type  of  instrument,  the  lower  limit  of 
the  operating  range  was  50  000  ft.  Thus,  like  the  density  altimeter,  the  use 
of  a  limited-range  pressure  altimeter  would  requi' an  auxiliary  pressure  altim¬ 
eter  at  the  lower  altitudes.  The  accuracy  that  can  be  achieved  with  the  limited- 
range  pressure  altimeter  is  greater  than  that  of  the  pressure  altimeter  ir.  the 
rcuige  from  50  000  to  80  000  ft,  but  is  no  greater  than  the  accuracy  of  thc- 
digital-type  transducer  system  described  in  chapter  XI . 


Hypsometer 

The  operation  of  the  hypsometer  is^based  on  the  principle  that  the  bcilinc 
point  of  a  pure  liquid  is  a  function  of  the  atmospheric  pressure  acting  on  the 
surface  of  the  liquid  (refs.  5,  6,  and  7).  The  atmospheric  pressure  can  thus  be 
derived  from  measurements  of  the  teiiq>eratur>.‘  just  above  the  surface  of  a  boiling 
liquid.  The  attractive  feature  of  this  instrument  is  that  the  boiling  point  of 
most  liquids  is  approximately  a  logarithmic  function  of  pressure  and,  thus, 
varies  in  an  approximately  linear  manner  with  altitude. 

'  In  its  simplest  form,  the  hypsometer  consists  of  an  insulated  contai-ter 
which  is  open  to  the  atmosphere,  an  evaporative  liquid  which  boils  at  some 
reduced  pressure,  and  a  temperature-measuring  element  located  in  the  vapor  above 
the  surface  of  the  liquid.  In  a  more  advanced  form,  a  condenser,  surrounded 
with  a  coolant,  is  attached  to  the  liquid  container  in  order  to  reflux  the  vaper 
back  to  the  container.  This  type  has  the  advantage  that  the  level  of  the 
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evaporative  fluid  remains  approximate!/  constant  and  thereby  insures  mere  con¬ 
sistent  measurements  of  the  vapor  temperature.  It  has  the  additional  advantage 
of  having  a  longer  operating  time  for  a  given  quantity  of  fluid  because  vapor 
is  not  lost  as  rapidly  as  with  the  simplified  type. 

The  accuracy  that  can  be  achieved  with  a  hypsometer  depends  on  the  degree 
to  which  the  vapor-liquid  equilibrium  is  maintained,  on  the  stability  cf  the 
ten^erature-aeasuring  element,  and  on  the  accuracy  of  the  thermometer.  Since 
the  best  acciuracy  that  can  be  achieved  is  no  greater  than  about  0.5  percent  of 
the  indicated  altitude,  the  accuracy  of  hypsometer  systems  is  considerably  lower 
than  that  of  the  pressure  altimeter. 


Cosmic- Ray  Altimeter 

Measurement  of  altitude  by  means  of  cosmic  rays  is  possible  because  the 
intensity  of  the  cosmic  rays  in  the  atmosphere  increases  in  an  approximately 
linear  manner  with  height  through  cin  altitude  range  from  about  15  000  ft  to 
100  000  ft.  Measurements  below  15  000  ft  axe  unreliable  because  of  the  marked 
decrease  in  the  variation  of  cosmic- ray  intensity  with  height  near  the  Zarth. 

A  cosmic-ray  altimeter  utilizing  two  groups  of  five  Geiger  counters  to 
detect  the  concentration  of  the  cosmic  radiation  is  described  in  reference  3. 

The  outputs  of  the  Geiger  counters,  which  provide  a  statistical  measure  of  the 
radiation,  are  registered  on  a  galvanometer  which  is  calibrated  in  ter=s  of 
altitude.  In  flight  tests  of  a  model  of  this  instrument  through  an  altitude 
range  up  to  30  000  ft,  the  altitude  indications  agreed  with  those  of  a  pressure 
altimeter  to  within  ±500  ft  at  altitudes  above  15  000  ft. 

The  use  of  cosmic  rays  for  the  measurement  of  altitude  would  be  limited  by 
the  fact  that  the  cosmic-ray  intensity  at  a  given  height  varies  markedly  with 
latitude.  A  cosmic-ray  altimeter  would  also  be  affected  by  the  large  variations 
in  cosmic  radiation  that  accon^any  solar  flares  and  magnetic  storms. 


Gravity  .Meter 

Measurement  of  gravity  can  be  used  as  a  means  of  deriving  altitude  because 
the  acceleration  of  gravity  decreases  with  height  in  a  linear  manner  (ror  alti- 
ti^es  up  to  100  000  ft)  and  because  the  gravitational-height  relation  .s  essen¬ 
tially  invariant  (along  a  line  above  any  given  point  on  the  Earth) . 

The  change  in  the  acceleration  of  gravity  from  sea  level  to  100  CIO  ft  in 
the  middle  latitudes,  however,  is  only  about  O.Clg.  With  one  airborne  gravity 
meter  (ref.  9),  the  best  accuracy  that  could  be  attained  was  about  10~-g,  which 
is  equivalent  to  a  height  error  of  about  100  ft. 

Also,  the  accuracy  of  the  height  measurements  would  be  deternined  to  a 
large  extent  by  horizontal  gravity  gradients.  The  gradient  between  the  equator 
and  the  pules,  for  example,  is  about  O.OOSg,  or  an  equivalent  height  i.-.trer.c-nt 
of  about  50  000  ft.  Horizontal  gradients  also  occur  because  of  gravitational 
anomalies  due  to  local  variations  in  the  density  of  the  Earth.  Over  s:me 


regions  of  the  Earth  the  gradients  can  ha  as  much  as  10” ^g,  or  100  ft,  per  aixle 
(ref.  10).  Although  the  gradients  cue  to  anoou'ilies  are  attenuated  with  height, 
the  effects  remain  severe  even  at  appreciable  altitides.  The  tests  of  refer¬ 
ence  9,  for  example,  showed  that,  in  a  level  flight  run  at  12  500  ft  ever  a 
mountainous  area,  a  gravimeter  recorded  2  change  of  lO'^'g,  or  1000  ft,  over  a 
distance  of  about  30  miles. 

The  measurements  of  a  gravity  meter  are  also  effected  by  accelerations 
resulting  from  (1)  changes  in  the  aircraft  attitude,  (2)  aircraft  response  to 
air  turbulence,  (3)  maneuvers,  and  (4)  airspeed  with  respect  »-.o  the  Earth's 
rotation.  The  accelerations  resulting  from  flight  through  turbulent  air  and 
from  vertical-plane  maneuvers  can,  of  course,  be  very  large  with  respect  zo  the 
O.Olg  increment  corresponding  to  the  100  000-ft  altitude  range.  The  accelera¬ 
tions  vdiich  result  from  the  speed  of  the  aircraft  with  respect  to  the  Earth's 
rotation  are  in  the  form  of  centrifugal  and  Coriolis  accelerations  which,  for 
some  flight  conditions,  caui  be  quite  large  (ref.  2). 


Magnetometer 

The  magnetometer  measures  the  total  field  intsr.sity  at  any  given  point 
within  the  Earth's  magnetic  field.  Since  the  magnstic  field  strength  decreasjs 
with  distance  above  the  Earth,  the  magnetometer  has  been  investigated  as  a 
possible  means  of  measuring  height  (ref.  11) . 

The  measurements  of  a  magnetometer,  however,  wsuld  be  affected  by  the 
variation  of  the  vertical  rate  of  change  of  intensity  with  latitude  (due  to  the 
convergence  of  the  lines  of  force  at  the  poles) .  This  change  in  intensity  with 
height  varies  from  about  6  gammas  per  1000  ft  at  tie  equator  to  about  10  gammas 
per  1000  ft  at  the  poles.  Thus,  for  the  3-gainina  accuracy  of  the  magnetometer 
described  in  reference  11,  the  error  ir.  the  height  measurement  would  vary  from 
about  500  ft  at  the  equator  to  about  300  ft  at  the  poles. 

The  measurements  of  a  magnetometer  would  also  be  affected  by  errat:  ■;  varia¬ 
tions  of  the  field  intensity  over  certain  portions  of  the  Earth.  Periodic 
variations,  which  occur  with  the  solar  cycle,  can  be  as  much  as  80  gaesnas  at 
the  equator  while  being  negligible  at  the  poles.  Aperiodic  variations,  asso¬ 
ciated  with  aurora  and  magnetic  storm  activity,  can  be  quite  severe.  The  effect 
of  the  aurora  can  cause  changes  of  as  much  as  100  gammas  at  the  poles  while 
being  negligible  at  the  equator,  whereas  magnetic  storm  activity  can  accctnt 
for  fluctuations  of  as  much  as  200  gamnas. 
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APPENDIX 


TABLES  OF  AIRSPEED,  ALTITUDE,  AND  MACH  NUMBER 

Some  of  the  tables  in  this  appendix  present  the  independent  variable  in 
two  parts:  large  increments  in  the  left  column  and  smaller  increments  along  the 
top  row.  In  table  Al,  for  exao^le,  the  pressure  at  1100  ft  is  28.7508  in.  Hg. 

The  following  tables  are  presented: 
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table  A1.-  static  pressure  P  (OR  p‘)  M  INCHES  OF  MERCURY  (C°  C)  FOR  VALUES  OF 
PRESSURE  ALTITUDE  H  (OR  INDICATED  ALTITUDE  H')  IN  GEOPOTENTIAL  FEET 

[Frc«  r.f.  Ai]  ORIGINAL  PAGE  ' 

OF  POOR  QUALITY 


H. 

ft 
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-  ■  ■ 

■  - 

■■ 
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30.4C59 
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0 
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29.7056 
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1  000 
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28.6463 

28.5421 

28.4382 

28.3345 

28.2312 

28.1262 

2R.0255 

27.9231 

2  000 

27.8210 

27.7193 

27.6178 

27.5166 

27.4157 

27.3151 

27.214fi 

27.1148 

27.0152 

26.9158 

3  000 

26.8167 

26.7179 

26.6194 

26.5211 

26.4232 

26.3256 

26.228: 

26.1312 

26.0345 

25.9380 

4  000 

25.8418 

25.7460 

25.6504 

25.5551 

25.4600 

25.3653 

25.2769 

25.1767 

25.0828 

24.9892 

5  000 

24.8959 

24.8029 

24.710*4 

24.6177 

24.5255 

24.4336 

24.3420 

24.2506 

24.1595 

24.0687 

6  000 

23.9782 

23.8860 

23.7980 

23.7063 

23.6189 

23.S298 

23.4409 

23.3523 

23.2640 

23.1759 

7  000 

23.0861 

23.0006 

22.9133 

23  <»2c4 

22.7397 

22.6532 

22.5*^70 

22.4811 

22.3955 

22.3101 

a  000 

22.2250 

22.1401 

22.0555 

21.9712 

21.8871 

21.8033 

21.7197 

21.6364 

21.5534 

21.4706 

9  000 

21.3381 

21.3059 

21.2238 

21.1421 

21.0606 

20.9794 

20.8384 

20.9177 

20.7372 

2C.6569  ; 

10  000 

20.5770 

20.4972 

20.4178 

20.3385 

20.2596 

20.1808 

20.1024 

20.0241 

19.9461 

19.8684  1 

11  000 

19. 7909 

19.7137 

19.6367 

19.5599 

19.4834 

19.4071 

19.3311 

19.2553 

19.1797 

19.1044 

12  000 

19.0294 

18.9545 

18.8799 

18.8056 

18.7315 

18.6576 

18.5839 

18.5105 

18.4374 

18.3644 

13  000 

18.2917 

18.2192 

IP. 1470 

18.0752 

18.0032 

17.0317 

17.8603 

17.7893 

17.7184 

17.6478 

14  000 

17.5774 

17.5072 

17.4373 

17.3f 75 

17.2981 

17.2288 

17.1597 

17.0909 

17.0223 

16.9540 

15  000 

16.8858 

16.8179 

16.7502 

16.6827 

16.6154 

16.5484 

16.4816 

16.4150 

16.3486 

16.2824 

16  000 

16.2164 

16.1507 

16.0852 

16.0199 

15.9548 

15.8899 

15.8252 

15.76io 

15.6966 

15.6325 

17  000 

15.5687 

15.5051 

15.4417 

i:.3785 

15.3156 

15.2528 

15.1903 

15.1279 

15.0658 

15.0038 

18  000 

14.9421 

14.8806 

14.8193 

14.7562 

14.6973 

14.6366 

14.5761 

14.5158 

14.4557 

14.3958 

19  000 

14. 3361 

14.2766 

14.2173 

14.1582 

14.0993 

14.0406 

13.9821 

13.9239 

13.8657 

13.8078 

20  000 

13.7501 

13.6926 

13.6353 

13.5782 

13.5212 

13.4645 

13.4079 

13.3516 

13.2954 

13.2395 

21  000 

13.1837 

13.1281 

13.0727 

13.0175 

12.9625 

12.9076 

12.0530 

12.7985 

12.7443 

12.6902 

22  000 

12.6363 

12.5826 

12.5291 

12.4757 

12.4226 

12.3696 

12.3168 

12.2642 

12.2118 

12.1595 

23  000 

12.1075 

12.0556 

12.0039 

11.9524 

11.9010 

11.8499 

11.7989 

11.7481 

11.6974 

11.6470 

24  000 

11.5967 

11.5466 

11.4967 

11.4469 

11.3974 

11.3480 

11.2997 

11.2497 

11.2008 

11.1521 

25  000 

11.1035 

11.0552 

11.0070 

10.9589 

10.9111 

10.6634 

10.8159 

10.7685 

10.7213 

10.6743 

26  000 

10.6275 

10.5808 

10.5343 

10.4879 

10.4417 

10.3957 

10.3499 

1C.. 3042 

10.2587 

10.2133 

27  OOC 

10.1681 

10.1230 

10.0782 

10.0335 

9.98889 

9.94450 

9.90026 

9.85619 

9.81227 

9.76851 

28  000 

9.7249X 

9.68147 

9.63818 

9. 59505 

9.55208 

9.50926 

9.40660 

9.42410 

9. 38174 

Q  )->aee 

29  000 

9.29750 

9.25561 

9.21368 

9.17229 

9.13086 

9.08958 

9.04845 

9.00747 

a. 96665 

8.92597 

30  000 

8.88544 

8.84506 

8.80483 

8.76475 

8.72481 

8.68502 

8.64539 

8.60589 

8.56654 

8.52734 

31  OOO 

8.48829 

8.44938 

8.41060 

8.37199 

8.33351 

8.29517 

8.25698 

8.21893 

8.18102 

3.14326  1 

32  000 

8.10563 

8.06815 

8.03081 

7.99360 

7.95654 

7.91961 

7,88283 

7.84618 

7.80967 

7.77330  1 

31  000 

7.73707 

7.70097 

7.66501 

7.62919 

7.59350 

7.55794 

7.52253 

7.48724 

7.45279 

7.41700  ! 

34  000 

7.38219 

7,34744 

7.31283 

7.27934 

7,24399 

7.20977 

7.17568 

7.14172 

7.10789!  7.07419  , 

35  000 

7.04062 

6.97386 

6.90762 

6.841B9 

6.77667 

36  000 

6.71195 

6.64775 

6.58415 

6.52115 

0.45878 

37  000 

6.39699 

6.33579 

6.27518 

6.21515 

6.155691 

38  000 

6.09680 

6.03847 

5. 9907 1 

5.92349 

5,86682 

39  000 

5.81070 

5.75511 

5.70005 

5.64552 

5,59151 

40  000 

5.53802 

5.48504 

5.43257 

.  3B060 

5.32912 

41  000 

5.27814 

5.22765 

5.17763 

5.12810 

5.  07904 

42  OOC 

5.03045 

4.98233 

4.'»?466 

4.88746 

4.84070 

43  000 

4.79439 

1 

4.74852 

4.70310 

4.65817 

4,61004 

44  000 

4.56941 

4.52569 

4.48240 

4.43951 

4. 39~04 

45  000 

4.35498 

4.31332 

4.27205 

4.23113 

4.19:--: 

46  000 

4.15061 

4.11091 

4.07158 

4.03263 

3.994:5 

47  000 

3.95584 

3.91800 

3.880SI 

3.84339 

3 . 8  0662 

48  300 

3.77020 

3.73414 

3.6?941 

3.66303 

3.62*99 

49  000 

3.59328 

3.55891 

3.52486 

3.49114 

_ 

3.45—4 

225 


APPENDIX  A 


TABLE  Al.-  Concluded 


H. 

ft 

0 

200 

400 

600 

i 

500 

50  000 

3.42466 

3.39190 

3.35945 

3.32731 

3.29548 

51  000 

3.26395 

3.23273 

3.20180 

3.17117 

3.14083 

52  000 

3.11079 

3.08103 

3.05155 

3. 422 36 

2.99344  j 

S3  000 

2.96481 

2.93644 

2.90835 

2.88053 

2.85297  1 

54  000 

2.82568 

2.79865 

2.77187 

2.74535 

2.71909  ' 

55  000 

2.60308 

2.66731 

2.64180 

2.61652 

2.59149  ! 

56  000 

2.56670 

2.54215 

2.51783 

2.49374 

2.46988  i 

57  000 

2.44625 

2.42285 

2.39967 

2.37672 

2.35398  1 

58  000 

2.33146 

2.30916 

2.23706 

2.26519 

2.24351 

59  000 

2.22205 

2.20079 

2.17974 

2.15889 

2.13823 

60  000 

2.11778 

2.09752 

2.07745 

2.05758 

2.03789 

61  000 

2.01840 

1.99909 

1.97996 

1.96102 

1.94226 

62  000 

1.92368 

1.90528 

1.38705 

1.86900 

1.85112 

63  000 

1.83341 

1.81587 

1.79850 

1.78129 

1.76425 

64  000 

1.74737 

1.73066 

1.71410 

1.69770 

1.68146 

65  000 

1.66538 

1.64944 

1.63366 

1.61803 

1.60256 

66  000 

1.58723 

1.57206 

1.55703 

1.54216 

1.52742 

67  000 

1.51284 

1.49840 

1.48410 

1.46994 

1.45591 

68  000 

1.44203 

1.42828 

1.41467 

1.40119 

1.38784 

69  000 

1.37463 

1.36154 

1.34853 

1.33575 

1.32304 

70  000 

1.31046 

1.29800 

1.28567 

1.27345 

1.26135 

71  000 

1.24938 

1.23751 

1.22577 

1.21414 

1 . 20262 

72  000 

1.19122 

1.17992 

1 . 16874 

1.15767 

1.14670 

73  000 

1.13384 

1.12509 

1.11444 

1.10389 

1.09345 

74  000 

1.08311 

1.07287 

1.06273 

1.05269 

1.04274 

75  000 

1.03290 

1.02314 

1.01349 

1.00392 

.994453 

76  000 

.985074 

.975787 

.966589 

.957481 

. 948461 

77  000 

.939529 

.930682 

.921922 

.913248 

. 904656 

78  000 

.696148 

.887722 

.879377 

.871114 

.862931 

79  000 

.854826 

.8^ '.799 

.838851 

.830979 

.823183 

CU  000 

.815462 

.807816 

.800243 

.792744 

.785317 

81  000 

.777962 

.770677 

.763463 

.756317 

.749241 

82  000 

.742233 

.735293 

.723419 

.721612 

.714870 

83  000 

.708192 

.701579 

.695029 

.688543 

.682119 

84  000 

.675756 

.669454 

.663213 

.657031 

.650910 

85  000 

.644846 

.638841 

.632893 

.627003 

.621169 

86  000 

.615390 

,609667 

.603999 

.598385 

.592824 

07  000 

.587317 

.531862 

. 576460 

.57110' 

.5658C9 

88  000 

.560560 

.555361 

.550212 

.54511  ; 

. 540060 

89  000 

.535056 

.530101 

.525192 

.520330 

.515515 

90  000 

.510745 

.506021 

.501342 

.496707 

.49211-' 

91  000 

.487570 

.483066 

.478605 

.474187 

.469810 

92  000 

.465475 

.461182 

.456928 

.452716 

. 44G543 

1  93  000 

.444410 

.440316 

.436261 

.432244 

.428265 

!  94  000 

.424324 

.420421 

.416554 

.412724 

.4"g93 : 

!  95  000 

.405172 

.401449 

.397762 

.394113 

.  29  ■‘.4?: 

;  96  000 

. 336908 

.3-3  3353 

3*^  ***4 

.  .  > .  6  j  u  S 

'  97  000 

. 369490 

.366105 

.362751 

.359429 

. 356135 

98  000 

.352379 

.349650 

.546451 

j  .34  328  3 

.  349144 

:  99  000 

1  .337035 

1 

.333955 

.330904 

.327382 

,  324-388 

100  000 

1  .321922 

i _ 

1 
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TASl£  }%2.-  Concluded 


H. 

ft  ! 

0 

200 

400 

- r 

600  ] 

- ! 

8X  j 

50  000  1 

242.213 

239.896 

237.601 

235.328 

233. -.77  1 

SI  000  1 

230.847 

228.639  j 

226.451 

224.285 

222.139 

52  000  i 

220.014 

217.910  I 

215.325 

213.760 

211.715 

53  000 

209.690 

207.683  ; 

205.697 

203.729 

201.780 

54  000 

199.850 

197.938  1 

196.044 

194.168 

192.311 

55  000 

190.471 

138.649 

196. S44 

185.057 

183.286 

56  000 

181.533 

179.797  1 

178.077 

176.373 

174.635 

57  000 

173.014 

171.359  ! 

169. 720 

168.096 

166.438 

58  000 

164.895 

163.318  ! 

161.755 

160.208 

153.675 

59  000 

157.157 

155.654 

154.165 

152.690 

151.229 

60  000 

149.783 

148.350  i 

146.930 

145.525 

144  132 

61  000 

142.754 

141.388 

140.035 

138.696 

137.369 

62  000 

136.055 

134.753 

133.464 

132.187 

130.323 

63  000 

129.670 

128.430 

127.201 

125.984 

124.779 

64  000 

123.585 

122.403 

121.  '2 

120.072 

113.923 

65  000 

117.785 

116.659 

115.543 

114.437 

113.343 

66  000 

112.259 

111.186 

113.123 

109.071 

108.029 

67  000 

106.997 

105.976 

1C4.965 

103.963 

1C2.971 

1  63  000 

101.989 

101.017 

ICO. 054 

99.1008 

98.1566 

69  000 

97.2224 

96.2966 

95.3850 

94.4725 

93.5736 

70  000 

92.6839 

,  91.8026 

73.93C6 

90.0663 

39.2105 

71  000 

88.3639 

37.5244 

56.6941 

35.2715 

55. 7567 

72  000 

84.2505 

33.4513 

52.6655 

81.3776 

61.1017 

'  73  000 

30.3336 

79.5733 

75.8201 

78.0739 

*.3356 

1  74  000 

76.6043 

75.8800 

75.1623 

74.4528 

1.7490 

j  75  000 

73.0531 

72.3628 

71.6803 

71.0034 

70.3339 

!  76  000 

69.6705 

69.0137 

63.3632 

67.7190 

67.0810 

j  77  000 

66.4493 

65.8236 

65.2040 

64.5906 

63.9829 

78  000 

63.3811 

62.7852 

62.1959 

61.6106 

61.0318 

j  79  000 

60.4586 

59.8909 

59.3287 

53.7720 

33.2206 

;  80  000 

57.6745 

57.1338 

56.5981 

56.0678 

53.3425 

1  81  000 

55.0223 

54.5071 

53.9969 

53.4914 

32.9910 

!  82  000 

52.4953 

52.0045 

51.5183 

51.3369 

53.5601 

83  000 

50.0877 

I  49.6200 

49.1563 

43.6980 

•;S.2<C7 

;  84  000 

47.7937 

47.3479 

46.^063 

46.4693 

46.0361 

1  85  000 

45.6075 

45.1828 

44.7621 

44.3455 

43.9329 

!  86  000 

43.5242 

43.1194 

42.7136 

1  42.3215 

41.9282 

1  87  000 

41.5387 

41.1529 

40.7703 

43.3924 

40.0175 

i  88  000 

39.6463 

39.2786 

33.9144 

38.5537 

32.1964 

j  89  000 

37.8425 

i  37.4920 

37.1443 

!  36.3009 

36.4604 

!  90  000 

26.1231 

35.7889 

35.4553 

35.1302 

34.3056 

•  91  COO 

34.4840 

!  34.1654 

33.8499 

33.3374 

:  33.22'’9 

1  92  000 

32.9213 

32.6176 

32.3163 

'  32.0189 

1  32.7237 

i  93  000 

31.4314 

31.1419 

33.8551 

'  33.5710 

1  37. 2396 

,  94  000 

30.0108 

29.7348 

29.4623 

•  29.1904 

:  25. 9221 

1  95  000 

28.6563 

28.3930 

28.1322 

27.8739 

1  2*. 6 130 

i  96  000 

27.3645 

27.1135 

I6.o€43 

'  26.1744 

'  97  000  1  26.1326 

25.8912 

25.6=60 

25.421.', 

25.1363 

,  98  000 

;  24.9578 

24.7294 

34.5032 

24.2791 

,  -4 • 2 V  '  . 

»  39  COO 

i 

23.8372 

23.6194 

;j.4:36 

23.1898 

j  22.9751 

j 100  000 

22.7683 

1 

APPENDIX  A 


ORIGINAL  PAGE  L' 
OF  PCHJR  QUALfA 

TABLE  A3.-  OCJSITT  lU  mv^ms  PEh  CUBIC  i^OOT  FOa  VALUES  jF 
PRESSITm:  ALtirXiE  H  I:J  GEOPOTEIfTlAL  fTET 
fVrom  r«f.  Al] 


KM 

■ 

100 

200 

300 

400 

■ -  1 

500 

600 

t 

700 

800  ^ 

900 

1 

0 

0.076474 

0.076251 

0.076028 

0.075805 

0.075583 

O.C7536> 

0. 075)41 

0.074920 

0.074700^0 

;7440O  : 

1 

000 

.074261 

.074013 

.073825 

.073607 

.073390 

.073174 

.072557 

.C72742 

.07252  /  ; 

3723U  ' 

2 

ooo 

.072098 

.071884 

.071671 

.071458 

.071246 

.071034 

.070823 

.070612 

.070402 i 

27.:!9^ ; 

3 

000 

.069983 

.069774 

.069566 

.069358 

.Of  .50 

.068943 

.068737 

.0685J1 

.066125 1 

068120 ! 

4 

000 

.067916 

.067712 

.067508 

.067^05 

.067102 

.066900 

.':o669<l 

.066497 

. 066296 1 

366396  * 

S 

000 

.065896 

.065696 

.065497 

.065299 

.065101 

.064901 

.'44  706 

.064509 

.064313 1 

364117 i 

6 

000 

.063922 

.063727 

.063532 

.063339 

.063145 

.062952 

.362759 

.062567 

.0623761 

062184  ! 

7 

000 

.061993 

.061803 

.061613 

.061424 

.061235 

. 761046 

.060858 

.363670 

. 06048  >  > 

>60296  ■ 

e 

000 

.060110 

.059924 

.059739 

.059554 

.059369 

.059185 

.059001 

.058818 

.  ‘;5*>ti5 ! 

00o453i 

9 

000 

.058271 

.058069 

.057908 

.037727 

.057547 

.057367 

.C57188 

.057,39 

. 356830 j 

35C652  r 

10 

000 

.056475 

. 056297 

.056124 

.055944 

.0557<d 

.055593 

.055418 

.055:41 

.055069! 

>54895 • 

n 

coo 

.054721 

.054548 

.054376 

.054291 

.034012 

.053860 

.053683 

.353519 

.0533491 

353179 

12 

000 

.053010 

.052841 

.052673 

.0525-35 

.052117 

.052170 

.052003 

.051837 

.051071 , 

3515  :5  ■ 

13 

000 

.051340 

.051175 

.051021 

.0*50847 

.050681 

.050520 

.050357 

.050295 

.OS' >3  3 

>49671 

14 

coo 

.049710 

.049549 

.049389 

, 049229 

.049073 

.-J48910 

.048752 

.048593 

.0484  35  1 

IS 

000 

.048120 

.047964 

.047807 

.047651 

.047496 

.047340 

.047185 

,047  31 

.  'j4f.'s77  ' 

3467.-' : ! 

16 

000 

.046570 

.046417 

.046264 

.046112 

.045961 

.045809 

.345658 

.345:08 

.345357 

'.452'>*  . 

17 

000 

.045058 

.044909 

.044760 

.044<.U 

.  044464 

.044316 

.044169 

.  344  322 

.  341876  , 

04  372  -  ; 

16 

000 

.043584 

.043438 

.043293 

.041149 

.041905 

.042861 

.042717 

.041574 

.342411  ! 

342;89( 

19 

000 

.042147 

.042005 

.041864 

.041723 

.041582 

.041442 

.041302 

.041161 

.041024 1 

343985  . 

20 

000 

.040746 

.040608 

.040471 

.040111 

.040196 

.040060 

.039923 

.039787 

,03V652i 

1 

3195171 

21 

000 

.039382 

.039247 

.039113 

.038979 

.038846 

.038713 

.038580 

.038448 

.335>l6i 

3)8184  1 

22 

000 

.038052 

.037921 

,037791 

.037660 

.037530 

.037401 

.037271 

.917143 

.33*»314 

336*66  ' 

23 

000 

.036758 

.036630 

.036503 

.036376 

.036249 

.036123 

.C35997 

.0358725  .0157461 

>356.2 

24 

000 

. 035497 

.035373 

.015249 

.035125 

.035002 

.034879 

.034757 

.034634 

,33451. 

■•34  3-»i  . 

2$ 

000 

. 034270 

.034149 

.034028 

.033908 

.033788 

.033668 

.033549 

.031413 

.3)3:1 

ill 

26 

000 

.033075 

.032957 

.032840 

.032723 

.032606 

.032490 

.332374'  .332259 

.  7i:u* 

■j  7 .  .  * 

27 

000 

.031912 

.031798 

.031684 

,031570 

.031456 

.031343 

.j3j;37:  .tjiiir 

1  '.6  *3 

28 

000 

.030781 

.030670 

.030559 

.030448 

.030338 

.030227*  .037119 

.013308 

.;29-sm 

32 #7  .  , 

29 

OCG 

.029681 

.029573 

. 329465 

.029357 

.029250 

.029143 

.3290361  .0*5929 

.  -.2-82  3 

.  267  :  ■* 

30 

000 

.028611 

.0285061  .028401 

, 729296 

.028192 

.028.788 

. 027984 

.027863 

^.-7-7 

'..■*6  74 

31 

000 

.027571 

.027469 

.027367 

.027265 

.C27164 

.027062 

.026961 

.  326661 

.  .'2«^V  7 

Tt-f-f 

32 

000 

.026561 

.026461 

.026362 

. 026263 

.026164 

. 326066 

.  '425‘'  *  9 

.  ''•2'“7'5 

.5»-  7" 

33 

000 

.025578 

.025482!  .025385 

.025289 

.025191 

.325098 

.325  .3  5 

.  324 #’.‘8 

■ .  4-?  • 

.27'  m 

34 

000 

. 024624 

.024530 

'  .024437 

.024343 

.024250 

.324157 

.3243r*‘ 

.  2*?73 

35 

000 

.023697 

.023515 

.023334 

.323154 

36 

000 

. 022798 

.022598 

.022382 

.722166 

37 

000 

.021746 

,  .021538 

.021332 

.321127 

.  : 

38 

000 

. 020725 

f  .020527 

.020110 

.320116 

.  I  4  *4  • 

39 

000 

.019753 

.019564 

t 

,019376 

.'Jl9l'»* 

.  •  *  4  •  *,  " 

40 

000 

.018826 

.018646 

.013467 

.318291 

r-  * 

41 

oco 

.017942  j 

.017771 

.017601 

.'.174  32 

•  j  -  ,  f 

42 

000 

.0171001 

.016937 

I 

.016775 

.316614 

.  !•  i- 5 

43 

000 

.0162981 

.016*42 

1 

.015987 

.315835 

. 

44 

000 

.115533 

.015384 

.015237 

. 315391 

.  .  ■» 

45 

cool  .0143041 

.014662 

,014522 

.14  36  3 

46 

000 

.  j14109 

.013974 

.013841 

.'137'9 

47 

7001  .713447 

. :13319 

•  .013191 

.  '.1^365 

•  .  . 

48 

7C0 

.0129:6 

.  :::694 ; 

•  .012572 

.12452 

.  ;  2 

49 

000 

.012215 

. oi:o9% 

,  .011982 

.  ■  ll*3*  9 

.  4 
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TABLE  A3.-  Con'-luded 


ft 

200 

400 

f 

600 

I 

-30 

1 

SO  000 

0.011642 

0.C11530 

0.311420 

o.omii 

- —  ^ 

3.  >11202  ‘ 

51  000 

.311005 

.  310989 

.717884 

.7)7780 

.313677 

52  000 

.010S7S 

.01047) 

.010373 

.010274 

.010176 

53  000 

.310078 

.3099820 

0098866 

.0097919 

.3396982 

S4  000 

.0096055 

.3C95136 

.3094226 

. :C93324 

.3092431 

55  000 

.0091547 

.0090671 

. 0089804 

.  3088945 

.3388094 

56  000 

.0087251 

.0086416 

.0085590 

.0084771  > 

.0083960  1 

57  030 

.0083157 

.0082361 

.0081573 

.3080791 

.  7089020  ' 

58  OOO 

.007C.254 

.0073496 

.0077745 

.3077001 

.0076266  1 

59  000 

.0075535 

.0074813 

.0074097 

.0073388 

.3072686  j 

60  000 

.0071991 

.0071)02 

.3070620 

. 0069944 

1 

.0:6'»7‘»5  ] 

61  000 

.0068612 

.0067956 

.3067306 

.3066662 

.006-  -.21  ; 

62  OOC 

.0065393 

.0364767 

.0364147 

.0063534 

.0<*>62926  1 

63  000 

.0062324 

.3061728 

.306113? 

.3060552 

.?0599*»3  , 

64  000 

.C0S9I99 

.0058831 

. 0058268 

.-757711 

. 7067159  1 

65  000 

.0056612 

.0056070 

.3055534 

. 006500) 

.3354462 

66  000 

.0053926 

.0053396 

.OC62871 

.■>752551 

.  3351636 

67  000 

.3051327 

.3350823 

.7760)2) 

.3049829 

.3349340 

66  000 

.0048666 

.7748)76 

,3347902 

.  )047432 

.  ^0-tf  96? 

69  000 

.0046537 

.3316051 

.0045600 

.  ;:45154 

.:34m2 

70  000 

.C044274 

.0343841 

.3043412 

.^34*988 

.0C42567 

71  000 

.0042151 

.0341740 

.0041332 

.2040928 

.30 10529 

7i  000 

.0040133 

.0039742 

.0039354 

.  30.»8973 

.  'J038590 

73  000 

.00)8214 

.00)7842 

.0037473  .0037108 

.0336747 

74  000 

.0036385 

.0036035 

.0035685 

.3335338 

.3034994 

75  000 

.00)4664 

.0034318 

.CO 3 3984 

.*'03  3654 

.2033327  I 

76  000 

.0033004 

.0032684 

.3^32367 

.  :032053 

.:C3174:  . 

77  000 

.0031434 

.00)11)0 

.0-330828 

.  ')'3)O530 

.^033234  I 

78  000 

.0029942 

.0029662 

.3029365 

. 3029001 

.7-J98'^'7  j 

79  000 

.0028621 

, 0028246 

.  302797  3 

.  :327703 

.■:''-74)5  • 

60  000 

.;027J7I 

.  V326909 

. 3026649 

,  ■  32'r'  392 

.  '.-ri 

61  OCO 

,3G256«5 

. 00256  36 

.2  '25j89 

.  .325144 

.  ‘'T24»3- 

82  000 

.  -D24n^J 

.  ;324425 

.  :  ..4190 

.  .-I95n 

.  -i'.- 

63  000 

.332 14  ♦  > 

.0321273 

.‘02  3050 

.  :22828 

.  )^..26  ;  !*  ' 

64  COO 

.  3022  372 

.0''22177 

. 122 1364 

.  321754 

.  ;-i54-  ■ 

H5  000 

.  >0213)9 

002 I 134 

.2320932 

.  •;:::731 

.  '  '5  1  .  ■ 

66  000 

.>02jJ3b 

.3  >2  3141 

. .319949 

.  :  • 

67  300 

.>3193-i2 

.3^)1  >1>7 

■■  Is-iJ. 

l-j*  5-  ' 

86  300 

'18474 

.  “’4..  >7 

. .  -i8i;3 

. - •  ‘ 

, 

.;316786 

.  )vl*-)*)26 

.  v'j1646*i 

*  9  r 

n  030 

.231«>%)03 

. 3015851 

.  ‘15551 

.  1 4  .  ;  ; 

»2  30  ) 

.3*15257 

,0015112 

.:2l4.*69 

.  -» 

M  JOO 

.):1454'' 

.  •014409 

.  ::u^7. 

.  ^14137 

«4  >00 

.  -.3154.  > 

.  .1:71? 

,  :  136  39 

.  'liA*-', 

.  : r  35  1 

. .  u;;! 

.  12  *7-5 

.  ..12c55 

12*1 3 

>6  >^0 

.::-l26i3 

.  .12494 

.  nzir^ 

12-54 

.  - 1- 144 

f-  ‘30 

-  ■‘.iz  'jl'-f 

-  ,:i?i6 

.  '•11-1'  3 

1*  *2 

. 

;C3 

.  ,  11471 

.  .  ■  i  1  56  5 

.  ‘.11:52 

1 1  4* 

f  •  -’0  '• 

.  iCI  j‘f4) 

h40 

. . . ;  *7  *8 

.  .::6  37 
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TABLE  A4.-  TEMPERATURE  t  IN  DEGREES  KAHREtniEIT  FOR  VALUES  OF 
PRESSURE  ALTlTiroE  H  IN  CEOPOTENTIAL  FEET 


fprom  ref.  Al] 
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TAfit£  A4.-  Concluded 


H, 

ft 

0 

200 

400 

600 

800 

<65  000 
66  000 

-69.490 

-69.380 

-69.270 

-69.161 

-69.599 

-69.051 

67  000 

-68.941 

-68.831 

-68.722 

-68.612 

-68.520 

68  000 

-68.392 

-68.283 

-68.173 

-68.063 

-67.954 

63  000 

-67.844 

-67.734 

-67.624 

-67.515 

-67.405 

70  000 

-67.295 

-67.185 

-67.076 

-66.966 

-66.856 

71  000 

-66.747 

-66.637 

-66.527 

-66.417 

-66.308 

72  000 

-66.198 

-66.088 

-65.978 

-65.869 

-65.759 

73  000 

-65.649 

-65.540 

-65.430 

-65.320 

-65.210 

74  000 

-65.101 

-64.991 

-64.881 

-64.771 

-64.662 

75  000 

-64.552 

-64.442 

-64.333 

-64.233 

-64.113 

76  000 

-64.003 

-63.894 

-63.784 

-63.674 

-63.564 

77  000 

-63.455 

-63.345 

-63.235 

-63.126 

-63.016 

78  000 

-62.906 

-62.796 

-62.687 

-62.577 

-62.467 

79  000 

-62.357 

-62.248 

-62.138 

-62.028 

-61.919 

80  000 

-61.809 

-61.699 

-61.569 

-61.480 

-61.370 

81  000 

-61.260 

-61.150 

-61.041 

-60.931 

-60.821 

82  000 

-60.712 

-60.602 

-60.492 

-60.382 

-60.273 

83  000 

-60.163 

-60.053 

-59.943 

-59.834 

-59.724 

84  000 

-59.614 

-59.505 

-59.395 

-59.285 

-59.175 

85  000 

-59.066 

-58.956 

-58.846 

-58.736 

-58.627 

86  000 

-58.517 

-58.407 

-58.298 

-58.188 

-58.078 

87  000 

-57.968 

-57.859 

-57.749 

-57.639 

-57.529 

83  000 

-57.420 

-57.310 

-57.200 

-57.090 

-56.981 

89  000 

-56.871 

-56.761 

-56.652 

-56.542 

-56.432 

90  000 

-56.322 

-56.213 

-56.103 

-55.993 

-55.883 

91  000 

-55.774 

-55.664 

-55.554 

-55.445 

-55.335 

92  000 

-55.225 

-55.115 

-55.006 

-54.896 

-54.786 

93  000 

-54.676 

-54.567 

-54.457 

-54.347 

-54.238 

94  000 

-54.128 

-54.018 

-53.908 

-53.799 

-53.689 

95  000 

-53.579 

-53.469 

-53.360 

-53.250 

-53.140 

96  000 

-53.031 

-52.921 

-52.811 

-52.701 

-52.592 

97  000 

-52.482 

-52.372 

-52.262 

-52.153 

-52.043 

98  000 

-51.933 

-51.824 

-51.714 

-51.604 

-51.494 

99  000 

-51.38S 

-51.275 

-51.165 

-51.055 

-50.946 

100  000 

-50.836 

_ i 
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OP  Poor  quality 


TABLE  A5.-  TEMPERATURE  t  IM  DEGREES  CENTIGRADE  FOR  VALUES  OF 
PRESSURE  ALTITUDE  H  IN  GEOPOTENTIAL  FEET 
^From  ref.  Al^ 


6.2S3  6. 085  5.886  5.688 

4.302  4.103  3.905  3.707 

2.320  2.122  1.924  1.726 

.339  .141  -.057  -.255 

-1.642  -1.840  -2.038  -2.236 

-3.623  -3.821  -4.020  -4.218 


-5.604  -5.803 

-7.586  -7.784 
-9.567  -9.765 
-11.548  -11.746 
-13.529  -13.727 
-15.510  -15.709 
-17.492  -17.690 
-19.473  -19.671 
-21.454 
-23.435 


-6.001 

-7.982 

-9.963 

-11.944 

-13.926 

-15.907 

-17.888 

-19.869 

-21.850 

-23.832 

-25.831 

-27.794 

-29.775 

-31.756 

-33.738 

-35.719 

-37.700 

-39.681 

-41.662 

-43.644 


-47.606 
-49.587 
-51.568 
-53.5 
-55.531 


700 

800 

900 

13.613 

13.415 

13.217 

11.632 

11.434 

11.236 

9.651 

9.453 

9.255 

7.670 

7.471 

7.273 

5.688 

5.490 

5.292 

3.707 

3.509 

3.311 

1.726 

1.528 

1.330 

-.255 

-.453 

-.651 

-2.236 

-2.435 

-2.633 

-4.218 

-4.416 

-4.614 

-6.199 

-6.397 

-6.595 

-8.130 

-8.378 

-8.576 

1C. 161 

-10.359 

-10.557 

12.142 

-12.341 

-12.539 

14.124 

-14.322 

-14.520 

16.105 

-16.303 

-16.501 

18.086 

-18.284 

-18.482 

20.067 

-20.265 

-20.463 

22.048 

-22.247 

-22.445 

24.030 

-24.228 

-24.426 

26.011 

-26.209 

-26.407 

27.992 

-28.190 

-28.388 

29.973 

-30.171 

-30.369 

•  1.954 

-32.153 

-32.351 

33.936 

-34.134 

-34.332 

35.917 

-36.115 

-36.313 

37.698 

-38.096 

-38.294 

39.879 

-40.077 

-40.275 

41.860 

-42.059 

-42.257 

43.842 

-44.040 

-44.238  j 

45.823 

-46.021 

-46.219  1 

47.804 

-48.002 

-48.200 

49.785 

-49.983 

-50.181 

51.766 

-51.965 

-52.163 

53.748 

-53.946 

-55.927 

-54.144  1 

i 
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TABLE  A5--  Conclufjd 


H, 

ft 

0 

200 

400 

600 

800 

65  000 

66  000 

-56.383 

-56.322 

-56.261 

-56.200 

-56.444 

-56.139 

67  000 

-56.078 

-56.017 

-55.956 

-55.896 

-55.835 

68  000 

-55.774 

-55.713 

-55.652 

-55.591 

-55.530 

69  000 

-55.469 

*55.408 

-55.347 

-55.286 

-55.225 

1 

70  000 

-55.164 

-55.103 

-55.042 

-54.981 

-54.920 

71  000 

-54.859 

-54.798 

-54.737 

-54.676 

-54.615 

72  000 

-54.554 

-54.493 

-54.432 

-54.372 

i  -54.311 

73  000 

-54.250 

-54.189 

-54.128 

-54.067 

-54.006 

74  000 

-53.945 

-53.884 

-53.823 

-53.762 

-53.701 

75  000 

-53.640 

-53.579 

-53.518 

-53.457 

-53.396 

76  000 

-53.335 

-53.274 

-53.213 

-53.152 

-53.091 

77  000 

-53.030 

-52.969 

-52.908 

i  -52.848 

-52.787 

78  000 

-52.726 

-52.665 

-52.604 

-52.543 

-52.482 

7S  000 

-52.421 

-52.360 

-52.299 

-52.238 

-52.177 

80  000 

-52.116 

-52.055 

-51.994 

-51.933 

-51.872 

81  000 

-51.811 

-51.7SO 

-51.589 

-51.628 

-51.567 

82  000 

-51.506 

-51.445 

-51.384 

-51.324 

-51.263 

83  000 

-51.202 

-51.141 

-51.080 

-51.019 

-50.958 

84  000 

-50.897 

-50.836 

-50.775 

-50.714 

—50.653 

85  000  1 

-50.592 

-50.531 

-50.470 

-50.409 

-50.348 

86  000 

-50.287 

-50.226 

-50.165 

-50.104 

-50.043 

87  000 

-49.982 

-49.921 

-49.860 

-49.800 

-49.739 

88  000 

-49.678 

-49.617 

-49.556 

-49.495 

-49.434 

89  000 

-49.373 

-49.312 

-49.251 

-49.190 

-49.129 

90  000 

-49.068 

-49.007 

-48.946 

-48.885 

-48.324 

91  000 

-48.763 

-/8.702  ! 

-48.641 

-48. [ JO 

-48.519 

92  000 

-48.458 

-48.397 

-48.336 

-48.276 

-48.215 

93  000 

-48.154 

-48.093 

-48.032 

-47.971 

-47.910 

94  000 

-47.849 

-47.788 

-47.727 

-47.666 

-47.605 

95  000 

-47.544 

-47.483 

-47.422 

-47.361 

-47.300 

96  000 

-47.239 

-47.178 

-47.117 

-47.056 

-46.995 

97  000 

-46.934 

-46.873 

-46.812 

-46.752 

-46.691 

98  000 

-46.630 

-46.569 

-46.508 

-46.447 

-46.386 

99  000 

-46.325 

-46.264 

-46.203 

-46.142 

-46. :81 

100  000 

-46.020 
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TABLE  A6.-  COEFFICIENT  OF  VISCOSITY  u  in  P0UND-SEC2roS  PER  SQUARE  FOOT 
FOR  VALUES  OF  PRESSURE  ALTITUDE  H  IN  GEOPCCSNTIAL  FEET 
[From  ref.  AlJ 


H, 

ft 

2 

Ib-sec/ff^ 

H. 

ft 

V. 

Ib-sec/ft^ 

0 

3.7372  *  lO""* 

36  090 

1  000 

3.7173 

to 

2.9691  X  10" 

2  000 

3.6971 

65  800 

3  000 

3.6769 

66  000 

2.9704 

4  000 

3.6567 

67  000 

2 . 9740 

5  000 

3.6365 

68  000 

2 . 9774 

6  000 

3.6163 

69  000 

2.9809 

7  000 

3.5958 

8  000 

3.5752 

70  000 

2.9844 

9  000 

3.5547 

71  000 

2.9879 

72  000 

2.9914 

10  000 

3.5342 

73  000 

2 . 9949 

11  000 

3.5134 

74  OOO 

2.9984 

12  000 

3.4926 

75  000 

3.0018 

13  000 

3.4717 

76  000 

3.0053 

14  000 

3.4509 

77  000 

3 . 0088 

15  000 

3.4301 

78  COO 

3.0123 

16  000 

3.4090 

79  000 

3.0157 

17  000 

3.3878 

18  000 

3.3667 

80  000 

3.0192 

19  000 

3.3452 

81  000 

3.0227 

82  000 

3.0261 

20  000 

3.3238 

83  000 

3.0296 

31  000 

3.3027 

84  000 

3.0331 

22  000 

: . 2809 

85  000 

3.0365 

23  000 

3.2595 

86  OOO 

3 . 0400 

24  000 

3.237T 

87  OOO 

3.0435 

25  000 

3.2160 

88  OOO 

3.0469 

26  000 

3.1942 

89  OOO 

3.0504 

?7  000 

3.1721 

28  000 

3.1501 

90  OOO 

3.0538 

29  000 

3  - 1280 

91  OOO 

3.0573 

92  OOO 

3.0607 

30  000 

3.1060 

93  OOO 

3.0641 

3i  000 

3.0837 

94  OOO 

3 . 0676 

32  OP'' 

3.0614 

95  OOO 

3.0710 

33  OOf 

3.0389 

96  OOO 

3.0744 

34  OOC 

3 . 0164 

97  OOO 

3.0779 

35  OOP 

2.9938 

98  OOO 

3.0813 

36  000 

2.9711 

99  OOO 

3.0847 
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TABLE  A7.-  SPEED  OF  SOUND  a  IN  MILES  PER  HOUR  AND  KNOTS  FOR  VALUES 
OF  PRESSURE  ALTITUDE  H  IN  GEOPOTENTIAL  FEET 


^From  ref.  AlJ 


a. 

knots 


H, 

a. 

a. 

ft 

nph 

knots 

0 

1  000 
2  000 

3  000 

4  000 

5  000 

6  000 

7  000 

8  000 
9  000 

10  000 
11  000 
12  000 

13  000 

14  000 

15  000 

16  000 

17  000 

18  000 

19  000 

20  000 
21  000 
22  000 

23  000 

24  000 

25  000 

26  000 

27  COO 

28  000 

29  000 

30  000 

31  000 

32  000 

33  000 

34  000 

35  000 

36  000 


761.22 

661.48 

758.60 

659.20 

755.97 

656.92 

753.33 

654.62 

750.67 

652.32 

748.01 

650.01 

745.35 

647.69 

742.67 

645.35 

739.98 

643.03 

737.29 

640.68 

734.58 

638.33 

731.86 

635.97 

729.13 

633.60 

726.40 

631.22 

723.65 

628.84 

720.89 

626.44 

718.12 

624.03 

715.34 

621.62 

712.55 

619.19 

709.75 

616.76 

706.94 

614.32 

704.12 

611.86 

701.28 

609.40 

698.44 

6J6.93 

695.58 

604 . 44 

692.71 

601.95 

639.83 

599.44 

686.93 

596.93 

684.03 

594.41 

681.11 

591.87 

673.13 

!  589.32 

675.24 

586.76 

672.28 

584.20 

669.31 

581.61 

666.33 

579.02  1 

663.33 

576.42  i 

660.32 

!  573.80  i 
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tabu;  A9.-  IftPACT  PRESSURE 

CAiI3BATE3  AIlCiPEEO  '1^ 


(OR  IS  INCHES  OF  SERC.'RY  (0°  Cl  FOR  VALUES  OF 

(OR  ISDICATEO  AIRSPEED  V^)  IS  NILES  PER  HOUR 
[Pro«  ref.  A2] 


Vc- 

tpt\ 

0 

1 

2 

■  -  “1 

3 

4 

5 

6 

7 

3 

- , 

0 

0.000000 

0.000030 

0.30014T 

0,000323 

0.000574 

0.000901 

0.001299 

0.001768 

0.002313 

0.0029321 

10 

.003611 

.004377 

. 005203 

.006104 

.007088 

.008136 

.009258 

.010451 

.011708 

.711249! 

20 

.014461 

.015939 

.017501 

.019129 

.020825 

.022594 

.024440 

.026358 

.028347 

.:3’7412- 

30 

.032S39 

.034751 

.037025 

.039382 

.041806 

.044304 

.046869 

. 349508 

.052228 

.:55:i9; 

40 

.0S7871 

.0608.6 

.063816 

.066886 

.070034 

.073256 

.076551 

.079920 

.063358! 

.  '.06876  • 

SO 

. 090464 

.094126 

,097851 

. 101652 

.105535 

.109485 

.113509 

.117603 

.121771 

.126  .16 

60 

.li0231 

.  134712 

.139179 

.143709 

.148  323 

.152999 

.157751 

.162574 

.167472 

.17:443' 

70 

-177496 

. 182606 

. 187804 

.193064 

.198411 

.203818 

.209102 

.214859 

.220437 

.:26196‘ 

80 

.231977 

.237832 

.241751 

.249756 

.255824 

.161976 

.268196 

.274489 

.280853 

.207299: 

90 

.293812 

. 300397 

. 307058 

. 313802 

.320606 

.327488 

.334454 

. 341485 

. 143S92 

.355770. 

100 

.363029 

.370347 

.3  77756 

.385239 

.392785 

.400406 

.408111 

.415888 

.421716 

.431659 

no 

-439657 

,447733 

.455874 

.464097 

.472391 

.480772 

.489211 

.497731 

.506328 

.515*08 

120 

.523742 

.^32566 

.541464 

.550443 

.559480 

.568606 

.577797 

.587070 

.596414 

.605637: 

130 

.615334 

.624912 

.634564 

.644292 

.654085 

.663965 

.673914 

.683940 

.694019 

.  704^-27, ' 

140 

.714481 

.724804 

.735210 

.745698 

.756263 

.766894 

. 777600 

.788 395 f  .799257) 

-01  :i99) 

ISO 

.821216 

.8323X1 

.84 3483 

.854734 

.866050 

.877456 

.898931 

. 900480 

.912117 

.>:2825i 

160 

.935611 

.947472 

.959413 

.971424 

.983524 

.995699 

X.  .30795 

1.02028 

1.03268 

1.745:6  1 

170 

1.0S772 

1.07036 

1.08307 

1.09586 

1.10873 

1.12168 

i. 13470 

1.14782 

1.16100 

1.17426  1 

180 

1.18760 

1.20103 

1.21451 

1.22809 

1.24175 

1.25548 

1.26929 

1.28319 

1.29716 

; 

190 

1.32533 

1.33953 

1.35382 

1.36819 

1.38263 

1.39716 

1. 41176 

1.42645 

1.44121 

1.45«:5 

200 

1.47097 

1.48597 

1.50106 

1.51622 

1.53146 

1.54679 

X.U219 

1.57768 

1.59324 

1.62589 

JIO 

1.62461 

1.64742 

1.6563c 

l.n7228 

1.688)3 

1.70445 

1.72066 

1.73695 

U  .’5)33 

i.:6-:a 

220 

1.78631 

1.80294 

2.81964 

1.83642 

1.85328 

1.87022 

1.08725 

1.90435 

1.92155 

;.>360:  ' 

230 

1.95617 

1  ’7362 

1.99114 

2.30874 

2.02643 

2.04419 

2.06:24 

2.07900 

2 . 09800 

:.;:4  -> 

240 

2.13429 

2  15255 

2.17090 

2.18933 

2.20785 

1.12645 

2.24514 

2.26390 

2.28276 

:  ’::-o 

2S0 

2,32071 

2..-  :?83 

2.35902 

2.37829 

2.39765 

1.41710 

2.43662 

2.45624 

2.47594 

49572  ■ 

260 

2.515S8 

2.53555 

2,55558 

2.57571 

2.59592 

2.61622 

2.616S9 

2.65706 

2.67762 

;.09“:6 

270 

2.71899 

2.7  3980 

2.76070 

2.78168 

2.80276 

2.82192 

2.R4S16 

2.86650 

2.88792 

2.):  943 

280 

2.93102 

2.95271 

2.97449 

2.99634 

3.01828 

3.^4032 

1.06244 

3.08464 

3.10695 

3.i:>3i  ' 

290 

3.15161 

3.174  36 

3.19703 

3.21976 

3.24260 

3.26552 

3.28853 

3.31163 

3.33481 

?. 35609  ' 

300 

3.38145 

3.404^1 

3.42845 

3.45209 

3.475B2 

3.49963 

3.52354 

3.54754 

3.57163 

3.59531  i 

310 

3,62008 

3.64444 

3.66890 

3.69343 

3.71007 

3.74279 

3.76761 

3.79253 

3.91752 

3.04:62  - 

320 

3.86781 

3.89338 

3.91845 

3.94392 

3.96947 

3.59512 

4,02007 

4 . 04670 

4.77262 

4.  39*i^5 

130 

4.12477 

4.15197 

4.17728 

4.203C7 

4,23016 

4.25674 

4.28343 

4.31020 

4. 31727 

4.?64:i 

340 

4.39109 

4.41824 

4.44549 

4.47282 

4.50027 

4.52780 

4.55544 

4.58316 

4.61098 

ISO 

4.66691 

4.69*02 

4.72323 

4.75153 

4.77 >93 

4.00343 

4.03703 

4.06572 

4.39452 

4.>;2  3~, 

360 

4.95218 

4.98147 

5.01064 

5.03992 

*.  369U 

5.09370 

5.12835 

5.15303 

5,10730 

5.;i*08  ! 

370 

5,24764 

5.27772 

5. 30783 

5.33816 

5.  )6053 

5 . 39099 

5.42957 

5.46024 

5.49100 

5-5::3' 

3^0 

5.55285 

5.58192 

5.61510 

5.64638 

5.67775 

5.70923 

5.74080 

5.77Z49 

5.?04:3 

S.-J2617 

390 

5.66816 

5.90025 

5.93244 

5.96475 

5.99715 

6.02965 

6.06:27 

6.79490 

6.i:"50 

6.2- 

40J 

6.19373 

6.22686 

e.260i:- 

6.29343 

6. 32638 

6.  3604  3 

6.39407 

6.42781 

6.4  '7lf  9 

•“.49566 

417'  6.52974 

6.:c393 

6.598;.' 

6.63260 

6.6671 3 

6.70171 

6.73642 

6.77124 

6.0O«a17 

-.44::i 

420 

6.87635 

6.91 161 

6,946  >6 

6.96243 

7.01800 

7.  OS  lf.9 

7. ^0949 

7,1:539 

7.  i«:4o 

*.1975:  i 

43  j 

7.23375 

7.2":09 

7. 3:655 

7.  34310 

7. 37978 

7.41656 

7.45344 

7.4  *046 

7.52757 

*.5'..,*> 

44  3 

7.60213 

7.63*58 

7.67711 

7.71480 

7.75250 

7.  :9J48 

7.-i.34» 

7.0CO6O 

7. >0445 

"  >4  -  ♦  i 

4S0 

7.98166 

9.02222 

4.05891 

9. 9®772 

0,1J663 

3.1*566 

9.21481 

H. 25407 

3.;*345 

-.3  *;:  94 

460 i  8. J 7254 

9.41:26 

^.45209 

9.49205 

4.^3212 

3.5*229 

3.61261 

0.65302 

9.>3  9'56 

9.*  34:1 

470 

8.77496 

5.61S87 

9.45604 

•*.»9800 

0. 93924 

3.  M06O 

>,:',2;O0 

9.  .^368 

9.10540 

•.:4':3 

480 

9.  U919 

9.23127 

9.27346 

9.31578 

>. JS8U1 

■». 40077 

,  9.44345 

9.40625 

9.5: »17 

c  ~  - , 

490 

9.61537 

>.65566 

7.7121- 

9.74560 

*  9.78926 

1 

9.83303 

9.8*69) 

9,9:795 

9.  #65  7® 

!  .-:--4 

570il0.;5  3<> 

1 ;.  ;-"<3 

1  0.  242# 

i  5.;977 

•  n,;?26 

1 7.  :77f. 

'i:'.3;27 

1  ' .  “643 

l*.4l ?4 

.4*-* 

3;  j 

1  ).5:'4fj 

11.5511 

^■*.5962 

1  .6423 

.l')..,4«4 

1  .7’47 

I  ■:.*%!  I 

I : . 4:*6 

1 '  .  4*4  3 

.  •  _ :  I 

32  0 

1  ^ .  #»'8  ) 

11.  151 

!  1 .  -.62  ; 

11.1096 

11.1570 

11..  :4n 

n..5:3 

1:.  •*?! 

i4-»i 

1  :  . 

539 

11.4444 

i:.4>2'? 

11.5412 

1 1  -  5898 

ll.634*» 

11. -'•75 

II. 7265 

11. *4=6 

I. .-34* 

;  n-.: » 

145 

1 1 .  •  i  i  > 

i 1  -  j6 

12.. 3  5  34 

12, :913 

12.1  n4 

i; .  w 14  V 

i:..'»45 

1  -  *  *  ~  ! 

i-s.  - 

'  S  - 

12.4  367 

I-.4-V 

;2.53-' 

22.541" 

12,-  33 

12. “45"' 

i:.-449 

-  .  •  I 

5»- ; 

12.  :*5j  J 

IJ.  *57 

13.0562 

13.1109 

11.161H 

13.:  i«* 

IJ.  ;:)1 

1 ).  5 

.  .  4  •  ' 

57 ; 

13.4837 

13.5  I'b 

.3.  5  *15 

1).«45») 

13.6999 

i  ■5.754. 

13.? :«« 

1  i .  -«»)5 

1).  n--) 

1 

080 

14.  }283 

:4.  :9J6 

;4.i3>-. 

14.1945 

.i4.:5o; 

14. 3  ;6l 

1 4 .  }*  • ' 

14.41-. 

14.4*44 

4 .  ■  * 

1 4 .  44 1 

■4.7580 

|i4.9l5: 

I--.- 

.-^7; 

15.  .*45. 

. 

238 


APPENDIX  A 


T  ABLE  A9.-  Concluded 


onju:.... 

Poor 


Ql'ALlTY 


''c' 

mph 

a 

1 

2 

4 

1 

5  1 

> 

6 

! 

8  , 

- 1 

9 

600 

15.1613 

15.2195 

15.2778 

15.3363 

15.3950 

15.4538 

15.5128 

15.5719! 15.63121 

15.6906 

610 

15.7502 

15.8099 

15.8698 

15.9298 

15.9900 

16.0503 

16.1108 

16.1715 

16.23231 

16,2933 

620 

16.3544 

16.4156 

16.4771 

16.5387 

16.6004 

16.6623 

16.7244 

16.7866 

16.8490 

16.9116 

630 

16.9743 

17.0371 

17.1001 

17.1633 

17.2267 

17.2902 

17.3538 

17.4176 

17.4816 

17.5458 

640 

17.6101 

17.6746 

17.7392 

17.8040 

17.8690 

17.0341 

17.9994 

18.0649 

18.1305 

18.1963 

6S0 

18.2622 

18.3284 

18.3946 

18.4611 

18.5277 

13.5945 

18.6615 

18.7286 

18.7959 

18.8634 

660 

18.9310 

18.9988 

19.0668 

19.1349 

19.2032 

19.2717 

19.3404 

19.4092 

19.4782 

19.5474 

670 

19.6167 

19.6863 

19.7560 

19.8258 

19.8959 

19.9661 

20.0365 

20.1070 

20.1778 

20.2487 

680 

20.3198 

20.3911 

20.4625 

20.5341 

20.6059 

20.6779 

20.7501 

20.8224 

20.8949 

20.9676 

690 

21.0405 

21.1136 

21.1868 

21.2602 

21.3338 

21.4076 

21.4816 

21.5557 

21.6300 

21.7046 

700 

21.7793 

21.8541 

21.9292 

22.0045 

22.0799 

22.1555 

22.2313 

22.3073 

22.3835 

22.4599 

710 

22.5364 

23.6132 

22.6901 

22.7672 

22.8446 

22.9220 

22.9997 

23.0776 

23.1557 

23.2339 

720 

23.3124 

23.3911 

23.4699 

23.5489 

23.6281 

23.7076 

23.7872 

23.8670 

23.9470 

24.3272 

730 

24.1076 

24.1881 

24.2689 

24.3499 

24.4311 

24.5125 

24.5940 

24.6758 

24.7578 

24.3399 

740 

24.9223 

25.0049 

25.0877 

25.1706 

25.2538 

25.3372 

25.4207 

25.5045 

25.5885 

25.6727 

750 

25.7571 

25.8417 

25.9265 

26.0115 

26.0967 

26.1821 

26.2677 

26.3535 

26.4396 

26.5258 

760 

26.6122 

26.6989 

26.7-61 

26.8731 

26.9604 

27.0479 

27.1356 

27.2239127.3116 

27.4000 

770 

27.4885 

27.5772 

27.6661 

27.7553 

27.8446 

27.9341 

28.0239128. 1138 

28.2040 

23.2943 

780 

28.3848 

28.4756 

28  5665 

28.6577 

28.7490 

28.8405 

28.9323 

29.0242 

29.1163 

29.2086 

790 

29.3011 

29.3939 

29.4863 

29.5799 

29.6732 

29.7667 

29.8603 

29.9542 

30.0483 

30.1425 

800 

30.2370 

30.3316 

30.4264 

30.5214 

30.6166 

30.7120 

30.3076130.9034 

30.9994 

31.0955 

810 

31.1918 

31.2884 

31. 3851131. 4820 

31.5791 

31.6763 

31.7738,31.3714 

31.9692 

32.0572 

820 

32.1654 

32.2638 

32.3624 

32.4611 

32.5600 

32.655.1 

32.7584 

32.8579 

32.9575 

33.0574 

830 

33.1574 

33.2576 

33.3579 

33.4585 

33.5592 

33.6601 

33.7612 

33.8625 

33.9639 

34.0655 

840 

34.1674 

44.2693 

34.3715 

34.4738 

34.5763 

34.6790 

34.'/819 

34.8849 

34.9581 

35.0195 

850 

35.1951 

35.2988 

35.4027 

35.5068 

35.6111 

35.7155 

35.8201 

35.9249 

36.0299 

36.1350 

860 

36. 2403 

36.3458 

36.4514 

36.5572 

36.6632 

36.7694 

36.8757 

36.9822 

37.0889 

37.1957 

870 

37.3027 

37.4099 

37.5173 

37.6248 

37.7325 

37.8404 

37.9404 

38.0566 

38.1649 

35.2735 

880 

38.3822 

38.4910 

38.6001 

38.7093 

38.8187 

38.9282 

39.0379 

39.1478 

39.2578 

39. 3680 

890 

39.4784 

39.5839 

39.6996 

39.8105 

39.9215 

40.0327 

40.1441 

40.2556 

40.3673 

40.4792 

900 

40.5912 

[40.7034 

40.8157 

40.9283 

41-0409 

41.1538 

41.2668 

41.3799 

41.4933 

141.6068 

910 

41.7204 

41.8342 

41.9482 

42.0624 

42.1767 

42.2911 

42.4057 

'42.5205 

42.6355 

42.7506 

920 

42.8659 

42.9813 

43.0969 

43.2126 

43.3286 

|43.4446 

43.5609 

143.6772 

43.7938 

43.9105 

930 

44.0274 

44.1444 

44.2616 

44.3790 

44.4965 

)  44. 6141 

44.7320 

144.8499144.9681 

45.0564 

9‘;o 

45.2049 

145.3235 

45.4422 

45.4612 

145.6803 

145,7995 

145.9189146.0385:46.1581 

46.2761 

950 

46.3981 >46.5183 

46.6386 

!  46. 7591 

’{46.8798 

{47,0006 

47.1216|4'..2427 

147.3640 

47.4354 

960 

47.6070 

147.7288 

47.3506 

47.9727 

'43.0949 

;48.2173 

148.3398 

143.4625 

148.5853 

43.7'  33 

970 

148.3315 

.’48.9547 

49. 3732 

49.2018 

149.  3256 

149.4495 

'49.5735 

(49.6977149  8221 

149.9467 

980 

50.0713 

'50.1962 

150.3211 

50.4663 

1  50.5716 

|50.6970i  50.8226  i;-0. 9484 

!  51.0743 

!  51.2Z03 

990 

51.3265 

151.4529 

51.5794 

51.7061 

51.8329 

51.9598 

1 52.0873 

{52,2142 

{52.3417 

I 

1000 

52.5970 
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2408.74 

730 

2417.03 

2425.33 

2433.65 

2441.98 

2450.33 

2458.70 

2467.09 

2471.49 

2483.91 

2492.34 

740 

2500.79 

2509.26 

2517.74 

2526.24 

2534.75 

2543.29 

2551.83 

2560.40 

2568.98 

2577.57 

750 

2586.19 

2594.82 

2603.46 

2612.12 

2620.83 

2629.49 

2638.20 

2646.92 

2655.66 

2664.42 

760 

2673.19 

2681.98 

2690.78 

2699.60 

2700.44 

2717.29 

2726.16 

2735.04 

2743.94 

2752.85 

770 

2761.78 

2770.72 

2779.69 

2788.66 

2797.65 

2806.66 

2815.68 

2824,72 

2833.78 

2842.84 

780 

2851.93 

2861.03 

2870.14 

2879.27 

2888.42 

2897.58 

2906.76 

2915.95 

2925.16 

2934.38 

790 

2943.62 

2952.87 

2962.14 

2971.42 

2980.72 

2990.34 

2999.36 

3008.71 

3018.07 

3027.44 

800 

3036.83 

3046.23 

3055.65 

3065.09 

3074.54 

3084.00 

3093.48 

3102.97 

3H2.4Sj3122.:l  ; 

810 

3131.54 

3141.10 

3150.67 

3160.25 

3169. o5 

3179.46 

3189.09,3198.73 

3208.3913218.06  i 

920 

3227.75 

3237.45 

3247.17 

3256.90 

3266.65 

3276.41 

3286.18 

3259.97 

3305.78 

3315.60  ; 

830 

3325.43 

3335.28 

3345.14 

3355.02 

3364.91 

3374.32 

3384.74 13394.68 

3404.63  <3414.59  ! 

840 

3424.57 

34  34.56 

3444.57 

3454.60 

3464.63 

3474.69 

3484. 75 '34 94. 3 3 

3504.95 

3515.14 

850 

3525.16 

3535.30 

3545.45 

3555.62 

3565.60 

3575.99 

3586.20 

3596.43 

3606. e7 

1616.92 

360 

3627.: 9 

3637.47 

3647.76 

3658.07 

3668.40 

3678.73 

3639.09 

3699.45 

3709.84 

3721. 13 

870 

3730.64 

3741.06 

3751.50 

3761.95 

3772.42 

3782.90 

3793.39 

3803.90 

3814.42 

3824.96  . 

880 

3335.51 

3846.07 

13856.65 

3667.24 

3377.65 

3888.47 

3899.11 

3909.75 

3920.42 

3931.19 

890 

3941.78 

3952.49 

3963.21 

1  3973.94 

1 

3984.69 

3995.45 

4006.22 

4017. 01 

4027.81 

4138.' 3 

I  900 

»r 

4060.30 

4071.16 

'4082.03 

‘4092.  >2 

4103.82 

4114.73 

4125.66 

4136.80 

4147.55  • 

1  910 

4158.52 

4169.51 

,4180.50 

,4191.51 

4202.54 

4213.53 

4224.63 

4235.69 

4246.77 

4257., 6  . 

,  920 

4268.97 

4280.09 

'4291.23 

4302.37 

4313.54 

4324.71 

4335.91 

4247.11 

4355. ;2 

4  55 

930 

4380.80 

4392.06 

j 4403. 33 

.4414.61 

4425.?: 

4437.22 

4448.55 

4459.89 

4471.14 

4462.6: 

■  940 

4493.99 

4505.39 

4516.79 

4528.21 

4539.65 

4551.10 

4562.56 

4574. 14 

4585.53  .3 

950 

4608.55 

46; 0.08 

A631.62 

4643.18 

4654. *5 

4€o€ ,23 

4677. V 3 

4689. 54 

4711.1- 

4-12. 51 

.  960 

4724.46 

4736.13 

'4747.31 

4759.5: 

4771.:: 

4782.  .»J 

4794.06 

4306.41 

4818.1- 

;  970 

4841.73 

4853.53 

I  4365. 34 

4377.17 

4889. 

‘4900.37 

14911.73 

4^24.6; 

■5336.51 

.  •*.. 

980 

4960.34 

4977.28 

14984.22 

4996.1? 

5003.16 

502 C. 15 

5132.15 

:  ‘.44.  Z* 

£  "  e  ^ 

,  990 

5080.30 

5092.36 

5104.45 

15116.54 

1 

5141.78 

5151.91 

5165.16 

c  3  *  - 

51-'. 41 

i  1000 

5201.59 

» 

_ 

i 

_ 
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TiXBLE  A13.-  TRUE  AIRSPEED  V  IN  KNOTS  FOR  VALUES  OF  CALIBRATED 
AIRSPEED  Vg  IN  KNOTS  AND  VALUES  OF  PRESSURE  ALTITUDE  H 
IN  GBOTOTENTIAL  FEET  ' 

[coaputation  of  V  based  on  standard  temperature  at  each  altitude^ 


\ 

\toots 

H,  \ 
ft  \ 

100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

0 

5  000 

100.0 

107.7 

200.0 

215.0 

300.0 

321.6 

400.0 

427.4 

500.0 

532.2 

600.0 

635.8 

700.0 

740.3 

800.0 

847.3 

900.0 

955.2 

1000 

1064 

10  000 
15  000 

116.2 

125.8 

231.6 

250.0 

345.4 

371.5 

457.2 

489.4 

566.8 

603.8 

674.5 

716.3 

785.0 

835.2 

900.5 

960.9 

1018 

1089 

20  000 
25  000 

137.2 

148.7 

270.5 

293.4 

400.1 

431.5 

524.4 

562.0 

643.4 

686.6 

763.0 

816.2 

892.4 

958.0 

1030 

1109 

1170 

1263 

1310 

1418 

30  000 
35  000 

162.4 

178.0 

318.9 

347.4 

465.9 

503.5 

602.6 

646.9 

735.4 

791.6 

877.5 

948.7 

1034 

1122 

1201 

1307 

1370 

1494 

1541 

1682 

40  000 
45  000 

199.1 

223.7 

385.6 

429.1 

553.7 

610.0 

708.9 

782.4 

371.5 

967.0 

1049 

1169 

1245 

1392 

1454 

1629 

?666 

1869 

1878 

50  000 
55  000 

251.0 

281.3 

476.4 

527.3 

671.6 

740.3 

865.7 

960.3 

1076 

1199 

1306 

1460 

1559 

1747 

1827 

60  000 
65  000 

314.9 

351.8 

581.8 

640.4 

817.9 

906.0 

1068 

1191 

1340 

1499 

1636 

1835 

1961 

70  000 
75  000 

394.8 

440.3 

709.9 

785.3 

1013 

1130 

1338 

1501 

1690 

1901 

2073 

80  000 
85  000 

489.4 

540.2 

870.3 

962.9 

1263 

1408 

1684 

1885 

2139 

90  000 
95  000 

596.2 

656.2 

1071 

1193 

1576 

1766 

2111 

100  000 

722.2 

1330 

1979 
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TABLE  A14.>  STATIC  PRESSUilE  p  (OR  p’l  la  HIU.XMCTERS  OP  MERCURy  (0^  C)  FOR  VALUES  OF 
PRESSURE  ALTITUDE  M  (OR  IMDICATEO  ALTITUDE  H’)  IH  (XOPOTEMTIAL  .<t£TERS 

frro«  ref.  Alj 


He 

• 

0 

100 

200 

300 

400 

500  1 

I 

500 

700 

000 

900 

-1  000 
-0 

854.538 

769.054 

778.195 

787.424 

796.741 

806.147 

815.644 

825.230 

834.908 

84:. 677 

0 

T60.000 

751.032 

742.151 

733.354 

724.643 

716.015 

707.470 

699.009 

690.629 

682.331 

1  000 

674.114 

665.976 

657.921 

649.943 

642.043 

634.222 

626.478 

618.810 

611.219 

603.703 

2  000 

S96.263 

598.  997 

581.604 

574.385 

567.239 

560. 16S 

553.162 

546.231 

539.370 

532.579 

3  000 

S25.8S7 

519.204 

512.620 

S06.103 

499.654 

493.271 

486.954 

480. 703 

474.518 

468.39^ 

4  000 

462.339 

456.346 

450.416 

444.548 

428.742 

432.998 

427.314 

421.692 

416.129 

410.626 

5  000 

405.182 

399,797 

3?i.470 

389.200 

383.988 

370.832 

373.732 

360.688 

363.700 

358.766 

6  000 

353.886 

349.061 

344.289 

339.569 

334.903 

330.288 

325.725 

321.213 

316.752 

312.341 

7  000 

307.981 

303.669 

299.407 

295.193 

291.027 

286. 9G9 

282.838 

278.814 

274.837 

270.906 

8  000 

267.020 

263.180 

259.384 

3SS.631 

251.926 

248.263 

244.643 

241.066 

237.531 

234.038 

9  000 

230.587 

227.177 

223.309 

220.481 

217.193 

213.944 

210.736 

207.566 

204.435 

201.343 

10  000 

198.288 

195.271 

192.291 

189.349 

164.442 

183.573 

180.738 

177.940 

175.177 

172.448 

II  000 

169. 7S4 

167.098 

164.484 

161.911 

159.377 

156.884 

154.430 

152.013 

149.635 

147.294 

12  000 

144.990 

142.721 

140.488 

138.290 

136.127 

133.997 

131.901 

129.837 

727.606 

125.806 

13  000 

123.838 

121.900 

119. «9J 

118.116 

116.266 

114.449 

112.658 

110.896 

109.161 

107.453 

14  000 

105.772 

104.117 

102.488 

103.885 

99.3064 

97.7527 

96.2234 

94.7179 

93.2361 

91 . 7774 

15  000 

90.3415 

88.9281 

07.5368 

86. 1672 

84.8191 

83.4921 

82,1859 

80.9001 

79.6344 

78.3885 

16  000 

77.1621 

75.9549 

74.7665 

73.5968 

72.4454 

71.3119 

70.1963 

69.0960 

63.0170 

66.9528 

17  000 

65.9053 

64.8742 

63.8593 

62.8602 

61.8767 

60.9087 

59.9557 

59.0177 

56.0944 

57.1855 

18  COO 

56.2908 

55.4101 

54.5432 

53.6899 

52.8499 

52.0730 

51.2091 

50.4080 

49.6193 

46.3430 

19  000 

48.0788 

47.3267 

46.5862 

45.3574 

45.1399 

( 

44.4337 

43.7385 

43.0542 

42.3806 

41.7176 

20  000 

41.0649 

40.4226 

39.7906 

3S.1688 

38.5570 

37.9550 

37.3627 

.»6,7799 

36.2064 

35.6421 

21  000 

35. 086$ 

34.5406 

34.0031 

33.4741 

32.9536 

32.4414 

31.9375 

31.4415 

30.9)36 

30.4733 

22  000 

30.0008 

29.5358 

29.0782 

28.6279 

28.1848 

27.7487 

27.3196 

26.8973 

26.4817 

26.0727 

23  000 

25.6703 

25.2742 

24.8844 

24.5008 

24.1232 

23.7517 

21.3061 

23.0262 

^2. €720 

22. 3235 

24  000 

21.9804 

21.6428 

21.3105 

20.9835 

20.6616 

20.  3448 

20.0330 

19.7261 

19.4240 

19. 1268 

25  000 

18.8341 

18.5461 

18.2627 

17.96 37 

17.7090 

17.4387 

17.1726 

16.9107 

16.6530 

16.1992  1 

26  000 

16.  1495 

15.9036 

15.6616 

15.4234 

15.1889 

14.9501 

34.7309 

14.5072 

14.2071 

14.0704  . 

27  000 

13.8571 

13.6470 

13.4403 

13.2367 

13.0364 

12.8392 

12.6450 

12.4539 

12.2657 

12.0615  1 

28  000 

11.89P1 

11.7186 

11.5418 

11.3678 

11.1965 

11.0279 

10.0610 

10.6984 

10.5375 

!  ] 0.3790  . 

29  000 

30  000 

10.2237 

a.78<*60 

13.0694 

9.91825 

9.76939 

9.62281 

9.47851 

9.33643 

9.19654 

■*.  35681 

1  8.32  321’ 

i 

_ 
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TABLE  A16.-  DENSITY  p  IN  KILCKRANS  PER  CUBIC  NETER  rOR  VALUES  :e 
PRESSURE  ALTITUDE  H  IN  CEOPOTENTIAL  METERS 
^From  ref.  Al] 


H. 

■ 

B 

100 

200 

300 

' 

400 

500 

600 

700 

800 

900 

0 

1.2250 

1.2133 

1.2017 

1.1901 

1.1786 

1.1673 

1.1560 

1 . 1448 

:.1336 

1.1226 

1  000 

1.1116 

L.1008 

1.0900 

1.0793 

1.0686 

1.0581 

1.0476 

1.0372 

1.0269 

1.0166 

2  000 

1.0065 

.99641 

.98641 

.97648 

.96663 

.95886 

.94716 

.93754 

.92799 

.91852 

2  000 

.90912 

.89980 

.89055 

.88137 

.87226 

.86323 

.85427 

.84538 

.83656 

.82781 

4  000 

.81913 

.81052 

.80X98 

.79351 

.78511 

.77677 

.76851 

.76031 

.75218 

.74411 

S  000 

,73612 

. 72818 

. 70232 

.71251 

.70478 

.69711 

.68950 

.68195 

.67447 

.66705 

6  000 

.65970 

.65240 

.64517 

.63800 

.63089 

.62384 

.61636 

.60993 

.60306 

.59625  1 

7  000 

. 58950 

.58281 

.57618 

.56960 

.56308 

.55662 

.55022 

.54387 

.53758 

.53135 

a  000 

.52517 

.51904 

.51297 

.50696 

.50100 

.49509 

.48924 

.48143 

.47769 

.47199 

9  000 

.46635 

.46076 

.45522 

.44973 

.44429 

.43890 

.43356 

.42827 

.42304 

.41785 

10  000 

.41271 

.40761 

.40257 

.39757 

.39263 

. 38772 

. 38297 

. 37806 

.37330 

.36859 

11  000 

.36392 

.35822 

.  35262 

.34710 

. 34167 

.33633 

.33106 

. 32589 

.32079 

.31577 

12  000 

. 31083 

,30596 

.30118 

.29647 

,29183 

.28726 

.28277 

.27814 

.27399 

. 25970 

13  000 

. 26548 

.26133 

.25724 

.25322 

.24925 

.24535 

.24152 

.23774 

.23402 

..3036 

14  000 

. 22675 

.22331 

.21971 

.21628 

.21289 

.20956 

.20628 

.203'J6 

. 199BB 

.19675 

15  000 

. 19367 

.19064 

. 18766 

. 18472 

.18183 

. 17899 

. 17619 

.17343 

. 17072 

. 16805 

16  000 

.16542 

. 16283 

. 16028 

.15778 

.15531 

.15288 

.15049 

. 14813 

.14581 

.14353 

17  000 

.14129 

.13908 

.13265 

.13058 

.1;-!53 

.1265.’ 

.12454 

. 12259 

18  000 

.12068 

.11879 

.11330 

.11153 

.10978 

. 10806 

.10637 

.  l'?471 

19  000 

.10307 

.10146 

.099871 

.098309 

.096771 

.095257 

.093766 

.09229- 

.090655 

.3894  34 

20  000 

.038035 

. 086618 

.085224 

.083854 

.082506 

.081180 

. 079977 

.073594 

.377333 

.  '76393 

21  COO 

.074873 

.073674 

.072494 

.071333 

.070192 

. 369069 

.067965 

.r>66?"i 

.065=11 

.  64761 

22  000 

.063727 

.062711 

.061711 

.060728 

.059760 

.056809 

.057873 

.056952 

.356347 

.  '55156 

23  000 

.054280 

.053418 

.052570 

.051737 

.050916 

.050109 

.349315 

.348534 

.047766 

.47311 

24  000 

.046267 

.045536 

.044816 

.044109 

.043412 

.342727 

.042754]  .04139. 

.340*39 

.  24  :  97 

25  000 

.039466 

.035945 

.038234 

.037633 

.037041 

.336459 

.33=387 

.'35  324 

.  ^34"n 

.  '342.4 

26  000 

.033688 

,  033160 

,032641 

.032130 

.031628 

.031133 

.03:646 

.-3016f 

a  ■*  a 

27  000 

.028777 

.025328 

.027886 

.027452 

.027024 

.926604 

.OZr'.?: 

.  "25"'“. 

.  '25:11 

.  '24 

28  000 

.024590 

.024217 

.023841 

.023471 

.023107 

. 322749 

.022396 

.  32235: 

.2217:8 

. ■ v7j 

29  000 

.021042 

.022717 

.020397 

,020082 

.019771 

.019466 

.019166 

.31  .871 

. 318580 

.  14294 

30  000 

.018012 

.  71—35 

.0174^: 

1 _ 

,017193 

.016929 

.316669 

1 

.  :'H413 

.  3l6if : 

.31:?IJ 
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TABLE  A17.-  TEMPERATURE  •:  IM  DEGREES  CENTIGRADE  FOR  VALUES  OF 
PRESSURE  ALTITUDE  H  IN  GEOPOTEMTIAL  METF.Rl. 

(rrom  ref.  AlJ 


a 

100 

200 

309 

400 

500 

600 

700 

1 

800 

-1 

1 

920 

I 

0 

15.000 

14.350 

13.700 

13.030 

12.400 

11.750 

11.100 

10-450 

9.800 

9. 150 

1  000 

8.500 

7.850 

7.200 

6.550 

5.900 

5.250 

4.600 

3.950 

3.300 

2.653 

2  000 

2.000 

1.350 

.700 

.050 

-.600 

-1.250 

-2.550 

-3.200 

-3.350 

3  000 

-4.500 

-5.150 

-5.S0C 

-6.450 

-7.100 

-7.750 

-8.400 

-9.050 

-9.700 

-10.359 

4  000 

-11.000 

-11.650 

-12.300 

-12.950 

-13.600 

-14.250 

-14,900 

-15.550 

-16.200 

-16.850 

S  000 

-17.500 

-18.150 

-18.800 

-19.450 

-20.100 

-20.750 

-21.400 

-22.050 

-22.700 

-23. 3=0 1 

6  000 

-24.650 

-25.300 

-25.950 

-26.600 

-27.250 

-27.900 

-28.550 

-29.200 

-29.650 

7  000 

-30.500 

-31.150 

-31.800 

-32.450 

-33. ICO 

-33.750 

-34.4CC 

J5.950 

-35.700 

-36.350| 

8  000 

-37.000 

-37.650 

-38.300 

-38.950 

-39.600 

-4... 250 

-40.90C 

1.550 

-42.200 

-42.350 

9  000 

-43.500 

-44.150 

-44.800 

-45.450 

-46.100 

-46.750 

-47.400 

-48.050 

-48.700 

-49.350 

10  000 

-50.000 

-50.650 

-51.300 

-51.950 

-52.600 

-53.250 

-55.900 

-54.550 

-55.200 

-55,S50l 

11  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.5001 

12  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.5001 

13  000 

-56.500 

-56  500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56. 5 30 1 

14  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500. 

f 

15  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

16  090 

-56.500 

-56.500 

-56.500 

-56.590 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.5  OO 

17  COO 

-56.500 

-36.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.590 

18  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

'-56.500 

-56.5  30 

19  000 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.500 

-56.5001-56.530 

-56.590 

20  000 

-56.500 

-56.400 

-56.300 

-56.290 

-56.100 

-56.000 

-55.900 

-55. 8001-55.700 

21  000 

-55.500 

-55.400 

-55.300 

-55.200 

-55.100 

-55.000 

-54.900 

t-54.800 

-54.700 

{-54.500 

22  000 

-54.500 

-54.400 

-54.300 

-54.200 

-54.100 

-53.900 

-53.300 

!-53.730 

(-5 -.5:9 

23  000 

-53.500 

-53.400 

-53.300 

-53.230 

-53.200 

-53.000 

-52.900 

-52.800 

;-52.730 

-52.5  30 

24  000 

-52.500 

-52.400 

-52.300 

-52.230 

-52. IDC 

1-52.000 

i 

-51.900 

-51,800 

|-51.700 

L=- 

— 

25  000 

-31.500 

-51.400 

-51.300 

-51.200 

-51.100 

-50.900 

-59.800 

’-50.730 

26  OuO 

-50.500 

-50.400 

-50.300 

-50.200 

-50.100 

-:o.ooo 

-49.900 

-49.800 

1-49.730 

27  000 

-49.509 

-49.400 

-49.300 

-49.200 

-49.100 

-49.000 

-48.900 

-48.800 

i-48.739 

A  ^ 

28  000 

-48.500 

-48.400 

-43.300 

-48.200 

-48.100 

-43.000 

-47.900 

-47.8001-47.730 

-47.500 

-47.400 

-47.330 

-47.200 

-47.100 

-47.000 

-46.900 

1-46.300 

( 

'-46.  "30 

1 

30  000 

-46.500 

-46.400 

-46.330 

-46.230 

-46.100 

-46.000 

i-45."'0 

1-45. -3- 
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OPwIGINAL  PAGE  IS 
OF  POOR  QUALITY 


TABLE  A18.-  COEFFICIENT  OF  VISCOSITY  U  IN  PASCAL-SECONDS  FOR 
VALUES  OF  PRESSURE  ALTITUDE  H  IN  GEOPOTENTIAL  METERS 

[VroD  ref.  A^ 


H, 

m 

U, 

Pa- sec 

— 

H, 

D 

U. 

Pa- sec 

0 

1.7894  X  10-5 

15  000 

1.4216  X  10-5 

500 

1.7737 

15  500 

1.4216 

1  000 

1.7578 

16  000 

1.4216 

1  500 

1.7419 

16  500 

1.4216 

2  000 

1.7260 

1/  000 

1.4216 

2  500 

1.7099 

17  500 

1.4216 

3  000 

1.6937 

18  000 

1.4216 

3  500 

1.6775' 

18  500 

1.4216 

4  000 

1.6611 

19  000 

1.4216 

4  500 

1.6447 

19  500 

1.4216 

5  000 

1.6281 

20  000 

1.4216 

5  500 

1.6115 

20  500 

1.4244 

6  000 

1.5947 

21  000 

1.4271 

6  500 

1.5779 

21  500 

1.4298 

7  000 

1.5610 

22  000 

1.4326 

7  500 

1.5439 

22  500 

1.4353 

8  000 

1.5268 

23  000 

1.4381 

8  500 

1.5095 

23  500 

1.4408 

9  000 

1.4922 

24  000 

1.4435 

9  500 

1.4747 

24  500 

1.44G2 

10  000 

1.4571 

25  000 

1.4490 

10  500 

1.4394 

25  500 

1.4517 

11  000 

1.4216 

26  000 

1.4544 

11  500 

1.4216 

26  500 

1.4571 

12  000 

1.4216 

27  000 

1.4598 

12  500 

1.4216 

27  500 

1.4625 

13  000 

1.4216 

28  000 

1.4652 

13  500 

1.4216 

28  500 

1.4679 

14  000 

1.4216 

29  000 

1.4706 

14  50C 

1.4216 

29  500 

1.4733 

30  000 

1.4760 
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TABLE  A19.-  SPEED  OF  SOUND  a  IN  KILOMETERS  PER  HOUR  AND  KTICTS 
FOR  values  of  pressure  altitude  H  IN  GEOPOTZNTIAL  METERS 


[prom  ref.  All 


K, 

m 

a. 

Jcm/hr 

a, 

knots 

H, 

m 

a, 

km/hr 

0 

1225-06 

661.48 

15  000 

1062.25 

500 

1218.13 

657.74 

15  500 

1062.25 

1  000 

'211.15 

653.98 

16  000 

1062.25 

1  500 

1204.15 

650.19 

16  500 

1062.25 

2  000 

1197-10 

646.38 

17  000 

1062.25 

2  500 

1190.01 

642.56 

17  500 

1062.25 

3  UOO 

1182.88 

638.70 

18  000 

1062.25 

3  500 

1175.70 

634.83 

18  500 

1062.25 

4  000 

1168.48 

630.93 

19  000 

1062.25 

4  500 

1161.22 

627.01 

19  500 

1062.25 

5  000 

1153.90 

623.06 

20  000 

1062.25 

5  500 

1146.55 

619.09 

20  500 

1063.48 

6  000 

1139.14 

615.09 

21  OOC 

1064.94 

6  500 

1131.69 

611.06 

21  500 

1065.92 

7  000 

1124-18 

607.01 

22  000 

1067.14 

7  500 

1116.63 

602.93 

22  500 

1068.36 

8  000 

1109.03 

598.83 

23  000 

1069.58 

8  500 

1101.37 

594.69 

23  500 

1070.79 

9  000 

1093.65 

590.53 

24  000 

1072.01 

9  500 

1085.89 

586.33 

24  500 

1073.22 

10  000 

1078.07 

582.11 

25  000 

1074.44 

10  500 

1070.19 

577.85 

25  500 

1075.65 

11  000 

1062.25 

573.57 

26  000 

1076.86 

11  500 

1062.25 

573.57 

26  500 

1073.07 

12  000 

1062.25 

573.57 

27  000 

1079.27 

12  500 

1062.25 

573.57 

27  500 

1080.48 

13  000 

1062.25 

573.57 

28  000 

1081.68 

13  500 

1062.25 

573.57 

28  500 

1082.89 

14  000 

1062.25 

573.57 

29  000 

1084 . 09 

14  500 

1062.25 

573.57 

29  500 

1085.29 

[ 

30  OCC 

1086.49 

573.57 

573.57 


573. 

57 

573. 

57 

573. 

57 

573. 

57 

573. 

57 

573. 

57 

573. 

57 

573 

57 

574 

23 

575. 

02 

575. 

55 

576 

21 

576 

87 

577. 

53 

578 

18 

578. 

84 

579 

50 

530 

15 

380 

80 

581 

46 

582 

11 

332 

76 

553 

41 

584 

06 

584 

.71 

585 

.36 

336 

.01 

536 

.66 
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TABLE  A20.-  ACCELERATION  DUE  TO  GRAVITY  g  IN  METERS  PER  SECOND  SQUARED 
FOR  VALUES  OF  PRESSURE  ALTITUDE  H  IN  GEOPOTENTIAL  METERS 

^From  ref.  AlJ 


H, 

m 

m/sec^ 

H, 

m 

m/sec^ 

0 

9.8066 

15  000 

9.7604 

500 

9.8051 

15  500 

9.7589 

1  000 

9.8036 

16  000 

9.7573 

1  500 

9.8020 

16  5U0 

9.7558 

2  000 

9.8005 

17  000 

9.7543 

2  500 

9.7989 

17  500 

9.7525 

3  000 

9.7974 

18  OCO 

9.7512 

3  500 

9^7959 

18  500 

9.7496 

4  000 

9.7943 

19  000 

9.7481 

4  500 

9.7928 

19  500 

9.7466 

5  000 

9. 7912 

20  000 

9.7450 

5  500 

9.7897 

20  500 

9.7435 

6  000 

9.7881 

21  000 

9.7420 

6  500 

9.7866 

21  500 

9.7404 

7  000 

9.7851 

22  000 

9.7389 

7  500 

9.7835 

22  500 

9.7373 

8  000 

9.7820 

23  000 

9.7358 

8  500 

9.7804 

23  500 

9.7343 

9  000 

9.7789 

24  000 

9.7327 

9  500 

9.7774 

24  500 

9.7312 

10  000 

9.7758 

25  000 

9.7297 

10  500 

9.7743 

25  500 

9.7281 

11  000 

9.7727 

26  000 

9.7266 

11  500 

9. 7712 

26  500 

9.7250 

12  000 

9.7697 

27  000 

9.7235 

12  500 

9.7681 

27  500 

9.7220 

13  000 

9.7666 

28  000 

9.7204 

13  500 

9.7650 

28  500 

9.7189 

14  000 

9. -635 

29  000 

9.7174 

14  500 

9.7620 

29  500 

9.7158 

30  000 

9.7143 
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TAfiLE  A2i.-  IMPACT  PRESS’JItf  <i^  iOtt  q^)  IN  MIILIMETSAS  OF  MEFCVRY  (0®  C)  FOR  VALUES 
Of  ^:AL1BRATE9  AIRSPCT  iCR  irOlCATED  AIRSPEED  Vj>  lli  lcr:.r"f£TLrC  TZZ:  !*CV» 

froB  r«f.  A2j 


I  40  !  .5671  .5961  .625,  .656;  .667.'  .716;  .  750t  .78ji  .»i7  .351 

I  50'  .887]  .922j  .959j  .996}  l.034i  1.07J  1.112.  1.152  |  l.l9j  1235 

1.592;  I.64O  1.689 

2.1C4  2.159  2.215 

2.686  2.749  2.812 

3.341  3.4X0  3.480 

4.066  4.143  4.229 

4.864  4.947  5.032 

5.733;  5.824  5.915 

6.6741  6.772  6.871 

7.688'  7.793  7.899 

8.774  1  8.886  9.000 

9.932  i  10.052  j  10.173  | 
11.164  '  11.291  I  11.419 
12.466  ■  12.603  ;  12.738 
13.346  1  13.988  1  14.131 
I  I 

15.298  ’  15.447  ;  15.597 
210  .  15.7481  15.8991  l6.052j  16.205i  16.358  16.513i  16.668  16.824  16.980  17.138 
220  ;  l/.296(  17.4551  17.6141  17.775  17.936  I8.098j  18.26C  18.424-  18.5661  18.753 


230 

18 

918 

19 

084 

19 

251 

19 

419| 

19 

500 

19 

757' 

19 

927. 

20 

?90 

20 

270  1 

20 

442  ' 

240 

23 

615 

20 

789 

20 

963 

:i 

139' 

21 

31$ 

21 

492' 

21 

669 

21 

847 

22 

027  : 

22 

236  . 

252 

22. 

38? 

2^ 

568 

22. 

750 

22. 

933  J 

23 

117 

23. 

301 

23 

406 

23 

672 

23 

959- 

24 

046  ’ 

260 

24. 

234 

24 

423 

24 

613 

24 

003- 

24 

994 

25 

186 

25 

379 

25 

572 

25 

767  i 

25 

962  ! 

27C 

26. 

157 

26 

354 

26 

551 

26 

749 

26 

948 

27 

147; 

27 

340 

27 

549 

2? 

751  , 

^7 

953 

J90 

28 

156 

28 

361 

20 

565 

:s 

771. 

28 

970 

29 

105 1 

29 

3931 

29 

6:1 

29 

011 

30 

021  1 

;90 

30 

232 

30 

444 

30 

657 

30 

070 

J 

31 

084 

il 

299 1 

31 

515; 

31 

731 

31 

948  1 

32 

166  ‘ 

1 

300 

32 

385 

32 

604 

32 

825 

?J 

046i 

33 

260- 

33 

! 

490) 

33 

7141 

33 

920 

34 

163  ! 

34 

380  { 

310 

34 

615 

34 

842 

35 

070 

35 

299j 

35 

S29 

35 

759 

35 

990: 

36 

222 

36 

455  ' 

36 

600  j 

320 

36 

923 

37 

158 

37 

394 

37 

630) 

37 

068 

30 

1061 

38 

345* 

30 

505 

36 

025! 

39 

067  . 

330 

39 

309 

39 

552 

39 

795 

4.0 

0401 

40 

285 

40 

531 

40 

778; 

41 

026 

41 

274  1 

41 

524  1 

i  340 

41 

774 

**2 

025 

42. 

276! 

42 

529i 

42 

782 

43 

036 

43 

291 

43 

546 

43 

003 

44 

060  i 

.  350 

44 

318 

44 

577 

0361 

45 

097- 

45 

350 

45 

620. 

45 

003 

46 

146 

46 

411 

46 

676  : 

360 

46 

942 

47 

208 

47 

476? 

47 

7441 

40 

014 

48 

204 

40 

555 

48 

026 

49 

099 

49 

372  • 

‘  37- 

49 

646 

49 

921 

50 

196. 

50 

»  5; 

50 

75C 

51 

028 

51 

307 

51 

567 

5; 

367 

52 

149 

36: 

52 

431 

52 

714 

*>2 

990 

53 

282  ■ 

5j 

560 

53 

854 

54 

141 

54 

429 

54 

*1* 

55 

390 

55 

297 

55 

538 

5 

880} 

56 

ri» 

56 

46: 

*61  ; 

57 

57 

5" 

-49 

5? 

*47  1 

420 

58 

245 

50 

545 

53 

045' 

59 

146- 

59 

449 

59 

751 

60 

754 

60 

353 

67 

664 

60 

972  ! 

410 

61 

277 

61 

585 

61 

893 

62 

203 

62 

515 

62 

824 

63 

136 

63 

443 

63 

762 

64 

076  1 

42: 

64 

391 

64 

707 

65 

324 

65 

342 

65 

66C 

65 

9«3‘ 

3  00 

66 

6.1 

66 

94  3  . 

67 

266  1 

430 

67 

539 

67 

913 

58 

239 

68 

565 

60 

29. 

69 

22  0 

69 

540 

69 

6*9 

77 

220 

70 

5  39  ! 

-44-: 

70 

671 

71 

2  04 

'1 

530: 

71 

072 

72 

228 

72 

544 

72 

8SI 

73 

219 

73 

:?3 . 

7  3 

398  1 

45 : 

74 

2  38 

74 

580 

74 

K2  . 

76 

265 

75 

609 

75 

954' 

76 

3  00 

76 

647 

994  • 

r- 

342  i 

46 

77 

6^1 

78 

■ZAl 

70 

392 

79 

744 

79 

*9” 

73 

450 

79 

8  05 

00 

1-0 

■9* 

516 

30 

0*':  ' 

47: 

91 

231 

81 

:9o 

81 

*49 

82 

310; 

02 

671 

43 

023 

33 

296 

0} 

?-o 

34 

125 

a4 

4*»i ; 

49: 

94 

957 

95 

225 

85 

593. 

4$ 

962 

86 

333 

46 

724 

87 

275 

07 

440 

;  3: 

322 

80 

196  . 

49: 

99 

572 

68 

948 

99 

325 

99 

703 

90 

:02 

90 

46a 

90 

043 

91 

224 

91 

6:7 

91 

990  . 

5 : : 

■jj 

375 

>2 

760 

93 

146, 

>3 

53j 

93 

921 

94 

310 

>4 

69? 

>5 

*5 

401 

95 

874  . 

>6 

267 

c6i 

>7 

:56r 

452 

97 

349 

»9 

24* 

98 

64* 

99 

46 

99 

447 

99 

040  ^ 

;;i.:6  2*i,46  101.37  102.27  122,66  103.'9  1:2.57  1:3. •»! 

■3.-1  1:9.33  :.3.T6  11'^. H  :i0.60  III. ‘3  Ill. 16  112.32 

li.'.-t  :ij.6i  ;:4.:4  114.49  :i4.7i  115. *5  :i5."8  U6.22 

:-.r4  :;9.42  i;9,96  ii».‘5  :2'.2:  12:. nS  121.'^ 

122,44  222.?*  123,35  '.23. 97  124.26  124. '1  12;,:*  125. -^3 

2‘:.^4  ;2*.;-  ;.*.4^  12-,*-  129. 129.95  1:9.}:  i2?.*9  l}:.25 

‘I.:*  132. :*  i?..--  133.  *  ni.-5  134.  2  134.  =  :  i;4.'9 


60 

1,277] 

70 

1.730] 

80 

2.271] 

90 

2.0751 

[ 

100 

) 

3.551 

110 

4.290 

120 

5,117* 

130 

6.000 

140 

6.971 

150 

0.006 

160 

9.114 

170 

10.294 

100 

11.547 

1,0 

12.074 

200 

I4.i74 

1.320  1.364 

1.788  1.039 

2.328  2.386 

2.940  3.005 

3.622’  3.694 

4.377|  4.456 

5.203t  5.289 

6.i0li  6.194 
7.07l!  7.J72 

8.1131  6.222 

9.228}  9.344 

10.4161  10.539 
11.6771  11.807 
13.0ll|  13.148 

14.418;  14.563 


1.408i  1.453i 

:.891‘  1.943! 

2.445»  2.504, 

3.0701  ^.137; 

3.7671  3.841. 

4.536,  4.617- 

5.377!  S.46Si 
6.289j  6.364f 

7. 274!  7.376j 

8.33l!  8.4401 

9.460)  9.577* 

10.6621  10.787' 
11.938!  12.069 
13.286t  13.425 

i  ; 

14.709|  14.855- 


1.499;  1.545 

1.996  2.049 

2.564  2.625' 

3.204  3.2721 

3.915;  3.990 

4.690.  4.781 

S.553I  5.643; 

6.480-  6.577- 

7.479  7. 5851 

8.551.  8.662 

9.695;  9.913* 

10.912;  11.0371 
12.202;  12.335' 
13.565;  13.705, 

15.00:‘  15.150* 


I 


254 


APPENDIX  A 


TABLE  A21.'  Continu^r^ 


origin 

OF  TGOR 


pivGS  13 
qUAUT^ 


Vc.  i 

ka/hr  < 

0 

— “  r 

1  ! 

- r 

2  i 

5  / 

TT 

7 

a 

"TH 

600  1 

135.45 

135.93 . 

136.41  : 

116.09 

137.37 

137.86  1 

138.34 

138.83 

139.31 ; 

139.80  ' 

610 

140.29 

140.77  1 

141.26  i 

141.75 

142.24 

142.74 

143.23  t 

143.73 

144.22  : 

144.72  ' 

620  ' 

145.22 

145.72  1 

146.22  1 

146.72 

147.22 

147.72 

148.22  . 

148.73 

149.23  t 

149.74 

630 

150.25 

150.76  1 

151.26  , 

151.78 

152.29 

152.80 

153.31 

153.83 

154.34 

154.86 

640 

ISJ.M 

155.90  { 

156.42  ! 

156.94 

157.46 

157.98 

158.51  , 

159.03 

159.56 

160.00 

650 

160.61 

181.14  1 

M1.67  1 

162.20 

162.73 

163.27 

163.80 

184.34 

164.07 j 

165.41 

660 

165.95 

166.49  1 

167.03  ] 

167.57 

160.11 

168.66 

169.20  ' 

169.75 

170.29  ' 

170.84 

670 

171.39 

171.94  1 

172.49  • 

173.04 
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APPENDIX  A 


TXBIX  A24.-  IMPACT  PRESStiRC  10»  q^)  IN  PAS:S1S  KCR  VAJ.-iS  ,F 

CALIBRATED  AIRSPEED  'O’*  INDICATED  AIKSPEEC  V^|  IN  KIATi 

^■ri«*d  (ra>  nt.  A]^ 


knots 

.  1 

1 

2 

3 

T” 

4 

5 

6 

7  , 

9 

• 

0 

0 
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0.65 
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APPENDIX  A 

TABLE  A24.-  Concluded 


ORIGINAL  PAGE  IS 
OF  POOR  QUAury 


Vc. 

knots 


0 


1  2  3  4  5 


500 

46 

650 

46 

862 

47 

076 

47 

290 

47 

505 

47 

720 

510 

48 

807 

49 

026 

49 

246 

49 

466 

49 

688 

49 

910 

5'0 

51 

029 

51 

255 

51 

482 

51 

709 

51 

937 

52 

166 1 
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53 

319 

53 

552 

53 

785 

54 

Eyw 

54 

254 

54 

490 
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55 

678 

55 

918 

56 
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56 

399 

56 

641 

56 

884 
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58 
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38 
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58 

601 

58 

850 

59 

099 

59 

349' 

560 

60 

608 

60 

862 

61 

117 

61 

373 

61 

629 

61 

886 

570 

63 
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63 

445 

63 

707 

63 

970 

64 
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64 

499 

580 

65 

833 

66 
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66 

373 

66 

644 

66 

915 

67 
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68 

561 

68 

838 

69 
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69 

395 

69 

674 

59 
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600 

71 

368 

71 

653 

71 

939 

72 
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72 

513 

72 

801 
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74 

255 

74 

549 

74 

843 

75 
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75 

434 

75 

730 
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77 
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77 

528 

77 

830 

78 
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78 

438 

78 

743 
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80 
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81 
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86 
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57 

361 

59 

59 

450 

60 

102 

^0 

355 
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82 
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82 
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83 
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85 
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85 
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86 
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86 
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89 
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92 

•  m'j 

92 
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92 
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99 
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TABLE  A25.-  TRUE  AIRSPEED  V  IN  KNOTS  FOR  VALUES  OF  CALIBRATED 
AIRSPEED  Vg  IH  KNOTS  AND  VALUES  OF  PRESSURE  ALTITUDE  H 
IN  GEOPOTENTIAL  METERS 

(computation  of  V  based  on  standard  temperature  at  each  altitudej 


\  Vc. 

knots 

H, 

m  N. 

100 

200 

300 

400 

500 

600 

700 

800 

900 

0 

100.0 

200.0 

300.0 

400.0 

500.0 

600.0 

700.0 

800.0 

900.  C 

2  000 

110.2 

220.0 

328.8 

436.4 

542.8 

647.8 

753.7 

363.2 

973.3 

4  000 

122.1 

243.0 

361.4 

477.0 

589.6 

700.1 

815.4 

973.2 

1061 

6  000 

135.8 

269.2 

398.2 

522.1 

640.6 

759.9 

388.6 

1025 

1165 

8  000 

152.0 

299.5 

439.8 

571.9 

698.2 

830.7 

975.9 

1131 

1288 
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170.9 

334.5 

486.6 

626.9 

765.9 

916.1 
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1435 
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546.8 

700.3 
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1228 

1434 

1642 
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797.1 

986.2 

1193 

1422 
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26S.7 

501.3 
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911.3 
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1380 

1650 
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18  000 

308.3 

571.2 

802.4 

1047 

1312 

1601 

1919 

20  000 

356.6 

648.1 

917.7 

1207 

1520 

1862 

22  000 

412.7 

739.1 

1958 

1402 

1773 

24  000 

475.1 

845.0 

1224 

1630 

2069 

26  000 

543.5 

969.1 

1418 

1896 

28  000 

618.0 

1115 

1644 

» 

{ 

30  000 

700.7 

1285 

1909 

\ _ 

ICCO 


i::: 
1  rs5 
11=6 
1315 
1447 

1 
1 


I 
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APPENDIX  A 


TABLS  Ai6.-  RATIO  OF  IMPACT  PRESSURE  TO  STATIC  PRESSURE  q^/p  (OR  q^./p’)  FOR 
VALUES  OF  MACH  NUMBER  M  (OR  INDICATED  MACH  NUMBER  M’l 

[From  rof.  A3]  OKlGl^ VV 

QP  POOK 


M 

0 

0.001 

0.002 

0.003 

0.004 

0.005 

0.006 

0.007 

0.008 

0.009 

0.100 

0,00702 

0.00716 

0.00730 

0.00745 

0.no7S9 

0.00774 

0.00789 

0.00804 

0.00819 

0.C0834 

.110 

.00050 

.00065 

.00881 

. 00897 

.00913 

.00929 

.00945 

.00962 

.00987 

.00995 

.1:0 

.01012 

.01029 

.01046 

.01063 

.01080 

.01098 

.01116 

.01134 

.01152 

.01170 

.130 

.01188 

.01206 

.01225 

.01244 

.01263 

.01282 

.01301 

.01320 

.01339 

.01359 

.  140 

.01379 

.01399 

.01419 

.01439 

.01459 

.01480 

.01500 

.01521 

.01542 

.01563 

.150 

.01584 

.01605 

.01627 

.01648 

.01670 

.01692 

.01714 

.01736 

.01758 

.01791 

.  160 

.01804 

.01826 

.01849 

.01872 

.01895 

.01919 

.01942 

.01966 

.01990 

.02014 

.170 

,02030 

.02062 

.02086 

.02111 

.02135 

.02160 

.02185 

.02210 

.02236 

.02261 

.180 

.02286 

.02312 

.02338 

.02364 

.02390 

.C2416 

.02443 

.02469 

.02496 

.02523 

.190 

.02550 

.02577 

.02604 

.02632 

.02659 

.02687 

.027'5 

.02743 

.32771 

.02800 

.200 

.02828 

.02857 

.02886 

.02914 

.02944 

.02973 

.03002 

.03032 

.03061 

.03091 

.210 

.03121 

.03151 

.03182 

.03212 

.03243 

.03273 

.03304 

.03335 

,03366 

.03i?P 

.220 

.0^429 

.03461 

.03493 

.03525 

.03657 

.03589 

.03621 

.03654 

.33686 

.03719 

.230 

.03752 

.03785 

.03819 

.03852 

.03886 

.03919 

.03953 

.03987 

.04022 

.04356 

.240 

. 04090 

.04125 

.04160 

.04195 

.04230 

.04265 

.04301 

.04336 

.34372 

. 344 "8 

.250 

.04444 

.04480 

.04516 

.04553 

.04589 

-  04626 

.04663 

.04700 

.04738 

.047-5 

.260 

.04813 

.04850 

.04888 

.04926 

.04964 

. 05003 

.05041 

.05080 

.05119 

. 35158 

.270 

.05197 

.05236 

.05275 

.05315 

.05355 

.05395 

.05435 

.05475 

.05515 

.05556 

.280 

.05596 

.05637 

.05678 

.05719 

.05761 

.05802 

.05844 

.05886 

.  05927 

.05.-7 

.290 

.06012 

.06054 

. 06097 

.06140 

.06182 

.06225 

. 06269 

.06312 

.36356 

.  76  ?  f<) 

.300 

.06443 

.06487 

.06531 

.06575 

. 06620 

. 06665 

. 06709 

.06754 

. 36799 

.36545 

.310 

.  06890 

.06936 

. 06982 

. 07027 

.07074 

.07120 

.07166 

.07213 

.37259 

.07306 

.320 

.07353 

.07401 

.07448 

.07496 

.07543 

.07591 

.07639 

. 07687 

.37736 

.37784 

.330 

.07833 

,07882 

.07931 

•o-gao 

.08029 

.08079 

.08128 

.00178 

.08228 

.08279 

.340 

.08329 

.08379 

.08430 

.08481 

.08531 

.08583 

.08634 

. 08665 

.08737 

.:»789 

.350 

.08841 

.08093 

.08945 

.  08990 

. 09C50 

.09103 

.09156 

.09209 

.09263 

.29316 

.  360 

.09370 

.09424 

.09478 

.09532 

.09586 

.09641 

.09695 

.09750 

.  igeos 

.  .'9560 

.  370 

.09916 

.09971 

.10027 

. IOQ03 

.10139 

. 10195 

. 10251 

'  .1^308 

.  19364 

.1:421 

.  380 

. 10478 

. 10535 

. 10593 

. 10650 

. 10708 

. 10766 

. 10821 

.10892 

.13'-*41 

.1  •*» 

.  390 

.11058 

.11117 

.11176 

.11235 

.11295 

.11354 

. 11414 

.11474 

.11534 

.11=>5 

1 

.-JOO 

.11655 

.11716 

.  :;'’77 

. 11S38 

.11899 

.11960 

. 12022 

» 

1  .12084 

.12146 

.41.0 

. 12272 

.  12 132 

. 12395 

.12458 

. 12521 

.12584 

. 12647 

.12711 

.12”4 

.Kr3-^ 

.■120 

. 12902 

, 1-766 

1  .UJ31 

. 1 3095 

.15160 

.13225 

. 1 3290 

. 1 3155 

.13421 

.  1 

.•130 

.13552 

. 13618 

.  1  1..85 

•  .13751 

.13818 

.13884 

.13951 

. 14nid 

.14;’8.- 

. .4;-  ' 

-■I-IO 

. 14221 

.  14289 

i  .14157 

:  .14425 

.  144  3  3 

;  .14562 

.14.5  10 

.  1 46  4  * 

.  14  7-  0 

. 3-5 

.-150 

. 14907 

. 14977 

.15  147 

. 15117 

.15187 

.15  2'^ 

.  I5  32S 

.  1  5  i'M 

.1547- 

.i''4I 

.-160 

.  15*512 

. 15634 

. 15755 

1  .1562? 

’  .ISh.M 

i 

.  16.->44 

-  l'7i  17 

f  .  I  'l  *  1 

.•170 

.16  3  36 

.  L64-J9 

.16483 

1  . 1-557 

.16631 

.  1-7 

.  1*^779 

'  . 1 "854 

.  In928 

1  *  * ''  3 

.-lao 

. 17 J7? 

. 1 '154 

!  .17229 

.  :  7  :  >5 

. 1'381 

.  > -*4«;7 

.  17533 

.I"*.! 

.  i 

.-190 

.178^7 

.17717 

.17  .W5 

i  .14072 

.18155 

i  .18228 

1 

‘  .133^^ 

'  .H3-*5 

. :  -i4"  3 

.  500 

.  1  ^^6  2 1 

. 1 4780 

.19459 

!  .18*33 

.  1  ‘On 

.  1  ■*  '  ■  *  ■* 

.191- 

.51’ 

.  1  M2- 

.  195  '-i 

. : >584 

-  1 

'  . 1 3744 

.  1  M  1  ■- 

.  1  *  *12 

.  1  M 

. .  : '  ■ 

.  520 

.22242 

.  2  "*  j2»* 

34  >.> 

.2  '4^2 

■  .2’'574 

.  2  ' 

.  -  "44 

4  1  : 

.  53  > 

.  2  1  "'4  3 

.  2  1 1»*4 

.21-53 

..  1  yl'} 

.21425 

'  .21511 

.-i-' 

,  -  I  •  ••  < 

.  54  3 

.21  M4 

Ml 

.  22  1 1  -) 

.  222  ■* 

.  222  14 

i  '  '  ' 

. 2247  • 

'  c  > 

.  -  .  •  4  ^ 

- 1 , 

.55.' 

.22425 

.-2  *14 

.23*  M 

-  2  3  ’M 

.23 144 

1  .2  32^4 

.  -  3  3**4 

.  . 

.  .  '  ■  4  '• 

.  5*  0 

.2372- 

.2i-<l  i 

.  -  J  '1 

.24  >  )2 

.24 

.  4;-- 

.  -4-  * 

. .  4 

.  -  4 

. .  ;  - 

.  5"’  ' 

. -4^5; 

. -4744 

.  2  4  3  4 

.24  »v: 

.  2  —  *4 

j  -  ”  '  2  ' 

.2''2r- 

. .  ■  :  - 

.255 

.  -vv 

. .  5 4  ’ 

.2544  J 

.  2  5  *4 

^  J . 

.  ,  M-  4 

.  5  ' 

.2.-=..-. 

,  "4 

,  -  'j  ** "  •  • 

1  .  * 

‘  .  -  * 

APPENDIX  A 


TABLE  A26.-  Continued 


0 

0.001 

0.002 
_ 1 

0.003 

0.004 

0.005 

0.  OuC 

0.007 

9.996 

C.600 

0.27550 

0.27650 

0.277S1 

0.27851 

0.27952 

— 

0.28053 

C. 28154 

0.28255 

0.28357 

9.2845  • 

.610 

.28561 

.  28663 

.28766 

.28869 

.28972 

.29075 

.29173 

.29282 

.29386 

.2949 

.620 

.29594 

.29699 

.29804 

.29909 

.30014 

.30119 

.30225 

.30331 

.  30437 

. 30544 

.630 

.30650 

.30757 

.30864 

.30972 

•31079 

.31187 

.31295 

.31403  i 

.31512 

. 31621 

.640 

.31729 

.31839 

.31948 

.32058 

.32168 

.32278 

. 32388 

.32499  1 

. 32610 

.32721 

.650 

.32832 

. 32944 

. 33056 

. j316a 

.33280 

.33393 

.33505 

.33618  1 

.33732 

.3384' 

.660 

.33959 

.34073 

.34187 

.  34301 

. 34416 

.34531 

. 34C46 

.  34762  ! 

.  34877 

.  3499  ■ 

.670 

.35110 

.35226 

.35343 

. 35460 

.35577 

. 35694 

. 35812 

. 35930  1 

. 36048 

.  3616- 

.680 

.36285 

. 36404 

.36523 

. 36642 

. 36762 

. 36882 

.37002 

.37122 

.  37243 

. 37364 

.690 

.  37485 

.37606 

. 37728 

.37850 

. 37972 

. 38094 

.33217 

. 38340 

. 38463 

. 3856* 

.700 

.38710 

. 38834 

. 3S958 

. 39083 

. 39207 

.39332 

. 39458 

. 39583  i 

. 39709 

.398  3 

.710 

.39961 

.40088 

.40214 

.40341 

.40469 

.40596 

.40724 

.40852  1 

.40980 

.411:  ■ 

.720 

.41238 

.41367 

.41496 

.41626 

.41756 

.41886 

.42017 

.42147  1 

.42270 

.4241 

.730 

.42541 

.42673 

.42805 

.42937 

.43070 

.43203 

.43336 

.43469  j 

.43603 

.4373* 

.740 

.43871 

.44005 

.44140 

.44275 

.44410 

.44546 

.44682 

.44818  ; 

.44954 

,45091 

.750 

.45228 

.45365 

.45503 

.45640 

.45778 

.45917 

.46055 

.46194 

.46333 

.464  7 

.760 

.46612 

.46752 

.46893 

.47033 

.47174 

.47315 

.47457 

.47598 

.47740 

.4796. 

.770 

.48025 

.48168 

.48311 

.48454 

.48598 

.48742 

.48886 

.49030 

.49175 

.493. 

.780 

.49466 

.49611 

.49757 

. 49903 

.50C50 

.50197 

.50344 

.50491 

.50639 

.5076" 

.790 

.50935 

.51084 

.51233 

.51382 

.51531 

.51681 

.51831 

.51981 

.52132 

.5228 

.800 

.52434 

.52586 

.52737 

.52689 

.53042 

.53195 

.53347 

.53501 

. 5  3654 

.5385' 

.810 

.53962 

.54117 

.54272 

.54427 

.54582 

.54738 

.54894 

.55050 

.55207 

.553-- 

.620 

.55521 

.55679 

.55836 

. 55994 

.56153 

.5o312 

.56471 

.56630 

.56790 

.569-: 

.830 

.57110 

.57271 

.57432 

.57593 

.57754 

.57916 

.58078 

.58241 

.  59.04 

.  585»' ' 

.840 

.58730 

. 58894 

. 59058 

.59222 

.59387 

.59552 

.59717 

. 59883 

.60049 

.6021 

.850 

.60382 

.60549 

.60716 

.60884 

.6101) 

.  61220' 

.61388 

.61557 

.61726 

.  6189' 

.860 

.62066 

.62236 

.62406 

.62577 

.62748 

.62920 

.63091 

.63263 

.634  36 

.636 

.870 

.63782 

.63955 

.64129 

.64303 

.64477 

.64652 

.64827 

.65003 

.65178 

.65  35  4 

.880 

.65531 

.65708 

.65885 

.66062 

.66240 

.66413 

.66596 

.66775 

.66954 

.6713 . 

.890 

.67314 

.67494 

.67674 

.67855 

.68036 

.68218 

.68399 

.68582 

.68764 

.6894 

.900 

.69130 

.69314 

.69498 

.69682 

.69867 

.70052 

.70237 

.70423 

. 70609 

.777  ' 

.910 

.70982 

.71169 

.71356 

.71341 

.71732 

.71920 

.72109 

.72298 

.72488 

.  '*2r  " 

.920 

.72368 

.73059 

.73250 

.73441 

.73633 

.73825 

.74017 

.74210 

. 7440j 

.*45  - 

.930 

.74790 

.74984 

.75179 

.75374 

. 75569 

.75765 

.75961 

.76157 

.76354 

.  5  ■ 

.940 

.76749 

.  76946 

.77145 

.77343 

.77542 

.  7774-; 

.77941 

.78141 

.7B342 

.950 

.78744 

. 78945 

.79147 

.79350 

.79552 

.79755 

.79959 

.aoif>3 

.8  13':7 

.960 

.80776 

.80982 

t  .81187 

.81394 

.31600 

.81807 

.82014 

-9222- 

.-243} 

.  5 

.970 

.82847 

.83056 

.83266 

.83476 

.33686 

.83997 

.S4108 

.843ri 

.->4531 

.  - 

.980 

.34956 

.tl5l69 

.85383 

.85597 

.3581' 

.86025 

. 86241 

.  s86476 

-  3»96~2 

. 

.990 

.37105 

.87322 

.87539 

.87757 

.37975 

.881^4 

.88413 

. 32 

. 3no52 

.  " 

1.000 

.39293 

.89514 

.89735 

.89957 

.90i80 

■ 

•  .90402 

.90625 

.91  )73 

.  ?12  • 

1.010 

.71521 

.71746 

.91972 

.92198 

. 924J4 

. QJ652 

.  9-:873 

.  >32 '5 

.  >3333 

*  3 ' ' 

1.720 

.73790 

.  740  1  7 

.  >4248 

. 94478 

.947  08 

.949 38 

.  ?S 

. ^54  '1 

32 

.  'O-' 

1.030 

.76097)  .96330 

.96563 

.96796 

.97039 

.  .»75  '0 

.  9773=1 

1.040 

.98442 

.98679 

. >8916 

.99153 

.99391 

.9-*6^9 

.  9  >B*'6 

1. '91  :6 

'  .  '  '  34*~ 

1 .  ' 

1.050 

1.00325 

1 . ' 1366 

1. '1306 

1. 31547 

1.91789 

1. '2031 

1 .  22  2" 

1.  ■:5i5 

1 .  '2756 

1  .  3 

!  1.060 

i  1.05245 

1.03487 

1.  :'37J4 

1.03978 

1.^42-4 

1.  .'4469 

4  .  »  1 

1 .  *4'*nl 

1 .  *>2  ■  -* 

1  -  =^4 

1.070 

:  1.  05702 

1.3594? 

1.  'bU7 

1 . -6446 

1 .  .?6694 

’  1  .  ■;n944 

1. 

I  .  ?  **44  1 

1  . 

•  ,  -  . 

1. 080 

1  1.03174 

1.  'H445 

;  1.  :8h97 

1.08949 

l.  ?92J1 

I.  ■  *4 '4 

:  •4-^7 

1 .  ' 

1  .  .  -  1  i 

1.1  4 

1  1 .  090 

I.1M7- 

j  1.11232 

1.11487 

i. 21'43 

1 _ 

,  1 . :  1  *  *9 

;2.5? 

1.1-*'  * 
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ORIGINAL  PAo.:  • 
OF  POOR  QUALIi  X 

TABLE  A26.-  Continued 


-  1 

0 

0.001 

0.004 

0.008 

0.009 

i.aoc 

1.13285 

1.13543 

1.13801  ! 

1.14060 

1.14320 

1.14579  i 

1.14839 

1.15099  1 

1.15360 

1.15621 

1.110 

1.15882 

1.16144 

1.16406  ! 

1.16668 

1.16930 

1.17193 

1.17457 

1.17720 

1.17984 

1.18249 

1.120 

1.18513 

1.18778 

1.19044 1 

1.19309 

1.19575 

1.19842  , 

1.20108 

1.20375 

1.20643 

1.20910 

1.130 

1.21178 

1.21447 

1.21715  . 

1.21985 

1.22254 

1.22524  1 

1.22794 

1.23064 

1.23335 

1.23606 

1.140 

1.23877 

1.24149 

1.24421  ; 

1.24693 

1.24966 

1.25239  1 

1.25512 

1.25705 

1.26059 

1.26334 

1.150 

1.26608 

1.26883 

1.27159  i 

1.27434 

1.27710 

1.27986 

1.28263 

1.28540 

1.23817 

1.29095 

1.160 

1.29372 

1.29651 

1.29929 

1.30208 

1.30487 

.30767 

1.31047 

1.31327 

1.31607 

1. 31888 

1.170 

1.32169 

1.32450 

1.32732 

1.33014 

1.33297 

1.33579 

1.33862 

1.  34146 

1.34429 

1.34713 

1.180 

1 . 34998 

1.35282 

1.35567  I 

1.35852 

1.36138 

1 . 36424 

1.36710 

1.36997 

1.37284 

1.37571 

1.190 

1 . 37858 

1.38146 

I. 38434 

1.39722 

1.39011 

1.39300 

1 . 39590 

1.39879 

1.40169 

1.40460 

1.200 

1.40750 

1.41041 

1.41332 

1.41624 

1.41916 

1.42208 

1.42500 

1.42793 

1.43086 

1.43380 

1.210 

1.43674 

1.43968 

1.44262 

1.44557 

1.44852 

1.45147 

1.45442 

1.45738 

1.46035 

1.46331 

1.220 

1.46628 

1.46925 

1.47223 

1.47520 

1.47818 

1.48117 

1.48416 

1.48715 

1.49014 

1.49313 

1.220 

1.49613 

1.49914 

1.50214 

1.50515 

1.50816 

1.51118 

1.51419 

1.51721 

1.52024 

1.52326 

1.240 

1.52629 

1.52933 

1.53236 

1.53540 

1.53844 

1.54149 

1 . 54454 

1.54759 

1.55064 

1.55370 

1.250 

1.55676 

1.55982 

1 . 56269 

1.56596 

1.56903 

1.57210 

1.57518 

1.57826 

1.58135 

1.58444 

1.260 

1.58753 

1.59062 

1.59372 

1.59682 

1.59992 

1.60302 

1.60613 

1.60924 

1.61236 

1.61548 

1.270 

1.61860 

1.62172 

1.62485 

1.62797 

1.63111 

1.63424 

1.63738 

1.64052 

1.64367 

.  64681 

1.280 

1.64996 

1.65321 

1.65627 

1.65943 

1.66260 

1.66576 

1.66893 

1.67210 
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1.74909 
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1.75884 

1.76209 
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1.81785 
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1.91830 
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1.95577 
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1.96949 
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1.380 

1.97981 

1.98325 

1.98670 

1.99015 
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1.99706 

2.00052 

2.00398 

2.00744 
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1.390 

2.01438 

2.01785 
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2.02481 
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2.07380 
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2.23505 

2.23869 

2.24234 
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0 

0.001 

3.002 

0.203 

c 

o 

0.005 

- r 

9.0:6  j 

0.007 

! 

0.008 

1.600 

2.80497 

2.80903 

2.31308 

2.31714 

2.82121 

2.82527 

2.82934  1 

2.83341 

2.83749 

2.2-;:- 

1.610 

2.84564 

2.84972 

2.35381 

2.35790 

2.86199 

2.86608 

2.87017  1 

2.87427 

2.87837 

2.3924 

i.g:o 

2.33658 

2.85069 

2.39480 

2.39392 

2.30304 

2.90716 

2.91128  ■ 

2.91540 

2.91953 

2. 923‘ 

1.630 

2.92780 

2.93193 

2.33607 

2.94021 

2 . 94436 

2.94850 

2.95265  j 

2.95681 

2.96096 

2. 9651 

1.640 

2.96928 

2.97344 

2.97761 

2.98178 

2.98595 

2.99012 

2.99430  1 

2.99848 

3.00266 

3.0066 

1.650 

3.01103 

3.01522 

3.31941 

3.02361 

3.C2’81 

3.03201 

3.03621  i 

3.04042 

3.04463 

3.  0486 

1.660 

3.05305 

3.05727 

3.36149 

3.06571 

3.06994 

3.07417 

3.07340  1 

3.08263 

3.08687 

3.091: 

1.670 

3.09535 

3.09959 

3.10384 

3.10809 

3.11234 

3.11659 

3.12C85  1 

3.12511 

3.12937 

3. 133f 

1.680 

3.13791 

3.14218 

3.14645 

3.15073 

3.  15501 

3.15929 

3.16357  ! 

3.16786 

3.17215 

3.1764 

1.690 

3.18074 

3.18503 

3.18933 

3.19364 

3 . 19794 

3.20225 

3.20656  1 

3.21083 

3.21519 

3.2195 

1.700 

3.22383 

3.22816 

3.23248 

3.23681 

3.24115 

3.24548 

! 

3.24982  ' 

3.25416 

3.25850 

3.262- 

1.710 

3.26720 

3.27155 

3.27590 

3.28026 

3.28462 

3.28898 

3.29335  • 

3.29771 

3.30208 

3.3064 

1.720 

3.31083 

3.31521 

3.31959 

3.32397 

3.32336 

3. 33275 

3.33714  ' 

3.34154 

3.34593 

3.  350': 

1.730 

3.35473 

3.35914 

3.36355 

3.36796 

3.37237 

3.37679 

3.38120  i 

3.13562 

3.39005 

3. 3944 

1.740 

3.39890 

3.40333 

3.40777 

3.41221 

3.41665 

3.42109 

3.42553  ! 

3.42993 

3.43443 

3.438- 

1.750 

3.44334 

3.44780 

3.45226 

3. 45672 

3.46119 

3.46566 

3.47013  ; 

3.47460 

3.47908 

3.433. 

1.760 

3.48804 

3.49253 

3.49701 

3.50150 

3.50600 

3.51049 

5.51499  1 

3.51949 

3.52400 

3 . 523" 

1.770 

3.53301 

3.53752i 

3.54204 

3.34655 

3.55107 

3.55560 

3.56012  j 

3.56465 

3.56913 

3.573- 

1.780 

3.57825 

3.58278^ 

3.3673.’ 

3.59187 

3.59642 

3.60096 

3.60552  , 

3.61207 

3.61463 

3.610; 

1.790 

3.62375 

3.6283:/ 

3.63288 

3.63745 

3.64202 

3.64660 

3.65113  1 

3.65576 

3.66034 

3.664  • 

1.800 

3.66952 

3.6743.1 

3.67870 

3.63330 

3.63790 

3.6925D 

3.69710  j 

3.70171 

3.70632 

3.710  ■ 

1.810 

3.71555 

3  720;7 

3.72479 

3.72941 

3.73404 

3.73367 

3.74330  1 

3.74793 

3.75257 

3.757. 

1.820 

3.76185 

3.76649 

3.77114 

J. 77579 

3.75044 

3.78510 

3.78975  j 

3.79442 

3.79908 

3. 303" 

1.830 

3.80841 

3.81508 

3.31776 

3.32243 

3.32711 

3.83179 

3.33648 

3.34117 

3.84535 

3.35C^ 

1.840 

3.85524 

3.35994 

3.36464 

3.36934 

3.87405 

3.87876 

3.38347  : 

3.88813 

3.8929- 

3. SOT- 

1.850 

3.90234 

3.90706 

3.91179 

3.91652 

3.92125 

3.92598 

3.93072  I 

3.93546 

3.  94020 

3 . 944 

1.860 

3.94970 

3.95445 

3.95920 

3.96396 

3.%371 

.  3.97347 

3.97824  I 
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3.98777 

3.9925 

1.870 

3.99732 
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4.00688 

4.01166 

4.01644 

4.02123 

4.02602  1 

4.03081 

4.03561 

4.04C4 

1.880 

4.04521 

4.05001 

4.05482 

4.05963 

4.06444 

'  4 . 06925 

4.07407  1 

4.07889 

4.08371 

4. 088: 

1.890 

4.09336 

4.09819 

4.1'>302 

1  4.10786 

4.11270 

4.11754 

4.12233 

4.12722 

4.13207 

4 . 1 36  • 

1.900 

4.14178 

4.14663 

!  4. 15119 

4.15635 

4. 16122 

4. 16c 

4.17195  i 

4.17533 

4.18070 

4.  185 

1.910 

4.19046 

4.19534 

;  4. 200.’ 3 

4.20511 

4.21:00 

4.21490 

4.21979  i 

4.22469 

4.22959 

4.234= 

1.920 

4.23940 

4.24431 

i  4.24922 

!  4.25414 

4.25905 

4.26397 

4 . 26890  ! 

4.27382 

4.27875 

4 . 25 

1.930 

4.28861 

4.29355 

!  4.29848 

!  4.30342 

4. 3:937 

4.31331 

4.31326  i 

4.32321 

4.32817 

4.333. 

1.940 

4.33808 

!  4. 34304 

i  4.34801 

4.33298 

4. 35795 

4.36292 

j  4.36759  i 

4. 37237 

4. 37755 

4.382- 

1.950 

4.  38782 

;  4.39281 

■  4.39730 

■'  4.47279 

4.4:779 

4.41278 

i  4.41779  i 

4.4227? 

4 . 4279'> 

4.4  32 

1 1.960 

4.43782 

‘  4.44233 

;  4.44785 

'  4.45287 

4.45799 
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1  4.46794 

4.47297 
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1 1.970 

4.48808 

;  4.49312 
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4.51326 
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4 . 3  J  342 
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i  4.5  3860 

:  4.54367 

i  4.54874 

■  4.55381 
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4.56904  ■ 
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4 .  554 
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4 , 61468 
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4.74333 
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4.31593 
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;  4.94727 

■  4.55249 
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’  4.66618 
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4.97867 
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4. 
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:.ooi 

9.002 

3.003 

0.004 

3.:05 

0.006 

0.007 

0.003 

0 

^£t 

2.1Q0 
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5.17076 

5.17614 
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5.19231 

5.19770 
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5.20550 

5.21390( 

2.110 

5.21931 

5.22472 

5.23013 

5.23554 

5.24096 

5.24637 

5.25180 

5.25722 

5.26265 

5.26807  i 

2.120, 

5.27351 

5.27894 

5.28438 

5.28981 

5.29526 

5.30070 

5.30615 

5.31160 

5.31705 

5.322501 

2.130 

5.32796 

5.33342 

5.33889 

5.34435 

5.34982 

5.35529 

5 . 36076 

5.36624 

5.37172 

5.37720 

2.140 

5.38268 

5.33817 

5.39366 

5.39915 

5.40464 

5.41014 

5.41564 

5.42114 

5.42664 

5.43215' 

2.150 

5.43766 

5.44317 

5.44869 

5.45421 

5.45973 

5.46525 

5.470-7 
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2.160 

5.49290 

5.49844 

5.50398 
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5.52617 

5.53173 

5.53728 

5.54284  i 

2.170 

5.54841 

5.55397 

5.55954 

5.56511 
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5.58741 

5.59300 

5.50853  ; 

2.180 
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5.69957 
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2.200 
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5.72777 

5.73342 

5.73907 

5.74472 

5.75038 
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i 
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2.210 

5.77303 

5.77870 

5.78437 

5.79004 

5.79572 

5.80140 

5.80708 
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5.81845 

5.82414  1 

2.220 

5.82903 

5.83553 

5.84123 

5.34693 

5.85263 

5.35834 

5.86404 

5.86976 

5.87547 

5.3811S 

2.230 

5.88690 
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5.89835 

5.90407 

5.90980 

5.91554 

5.92127 

5.92701 

5.93275 

5.93849 

2.240 

5.94423 

5.94998 

5.95573 

5.96148 

5.96724 

5.97299 

5.97875 

5.98452 

5.99028 

5.996C5 

2.250 

6.00182 

6.00760 

6.01337 

6.01913 

6.02493 

6.03071 

6.03650 

6.04229 

6.04808 

€.05383 

2.260 

6.05967 

6.06547 

6.07127 

6.07758 

6.08289 

6.19870 

6.09451 

6.10032 

6.10614 

€.11196 i 

2.270 

6.11778 

6.12361 

6.12944 

6.13527 

6.14110 

6.14694 

6.15279 

6. 15862 

6.16446  !  6.17031 } 

2.280 

6.17616 

6.18201 

6.18736 

6.19-72 

6.19953 

6.20544 

6.21130 

6.21717 

6.22304- 

2.290 

6.23479 

6.24066 

6.24634 

6.25243 

6.25331 

6.26420 

6.27009 

6.27598 

6.28122 

-.28773 

2.300 

6.29368 

6.29958 

6.30549 

6.31140 

6.31731 

6.32322 

6.32914 

6.33506 

6.34-:98 

*.346?1 

2.310 

6.35233 

6.35876 

6.  36469 

6.. -7063 

6.37657 

6.38251 

6. 38845 

6.39439 

6.40034 

€.40629 

2.3*0 

6.41225 

6.41820 

6.42416 

6. 33012 

6.43608 

6.44205 

6.44802 

6.45399 

6.45996 

-.46594 

2.330 

6.47192 

6.47790 

6.48338 

6.48987 

6.49586 

6.50185 

6.50735 

6.51384 

6.51984 

€.52585 

2.340 

6.53185 

6.53786 

6.54387 

6.54988 

6.55590 

6.56192 

6.56794 

6.57396 

6.57999 
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2.350 

6.59205 

6.59808 

6.60412 

€.61015 

6.61620 

6.62224 

6.62829 

6.63434 

,  6.64039 
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2.360 

6.65250 
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6.66462 

6.67069 
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6.68890 
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6.70105 
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2.370 

6.71321 

€.71930 

6.72539 
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6.73757 
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■:.763C3 

2.380 

6.77419 
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6.78641 

6.79253 

6.79665 

6.30477 

6.81090 

6.81702 

6.82315 

€.32923 

2.390 

6.83542 

6.84156 

6.94770 

6.35384 

6.35999 

6.36613 

6.37229 

6.87844 

6.38459 

€.39075 

2.4C0 

6.39691 

•=.90308 

6.90924 

6.91541 

6.92153 

6.92776 

6. ?33?3 

6.94011 

6.946  30 

i  €.95243 

2.410 

6.95367 

6.96486 

6.9710'. 

6.97724 

6.98344 

6.98964 

6. 99564 

7.00205 

!  7.  .■‘C826 

-.0144- 

2.420 

7.02009 

^.02690 

7.03311 

7.03934 

7.04556 

7. 15173 

7. -5301 

7.06424 

'  7.07048 

’  37672 

2.430 

7.08295 

7.08920 

7.09544 

-.1016? 

7.10794 

7.1141? 

7.12044 

7.12670 

7.132?6 

'  -.13922 

2.440 

7.14549 

'.15175 

-.158  92 

‘  '.16432 

7.17057 

7 . 17635 

7.1S313 

7.18941 

'  7. 19570 

2.450 

7.20828 

'.21457 

7.22:87 

7.22717 

7.23347 

7.23977 

7.246:3 

7.2523? 

■  7.:537T 

-.265-1 

2.460 

7.27133 

'.27765 

7.28*97 

7.29030 

7.29663 

7.30296 

7.30929 

7 . 3  l''n2 

;  7. 32196 

'  3262  ? 

2.470 

7. 33464 

'. 34099 

-.34734 

'.353C9 

1  7 . 36  304 

" . 2664  0 

7. 372-5 

37?i: 

7. 39543 

2.480 

7.39821 

'.40459 

'.4  .:-96 

-.41734 

7.42372 

-.43010 

7.43648 

7.44237 

' . 44  ^2^ 

. 45^65 

2.490  i  7.4b205 

i 

7,46344 

7.4  7484 

7.48125 

1  7.48765 

1  7.49406 

1 

i 

,  -.5133? 

-.5i:--2 

2.500 

7.52614 

'.53256 

7. 33899 

7.54541 

1  7.55134 

i  -.55328 

!  7.56471 

!  7.57115 

i  '.5  67 

'  *.534 '4 

2.510 

7.59049 

7.59694 

7.f3-'339 

-.60984 

j  7.61630 

I  -.62276 

I  7,A2  *22 

i  7.8  3563 

7.64215 

*.64=62 

2.520 

7.65510 

-.66157 

7  .-^680^ 

'.67453 

7.68101 

■  '.6875*' 

1  7.69399 

,  TOOua 

7  '677 

2.530 

7.71996 

7.72647 

7.73297 

".73948 

7.74599 

.  '.'52=^'' 

I  -.75811 

i  76553 

““2  '5 

*.77=-' 

2.54  0 

7.735:9 

-.79162 

' .79815 

*.30463 

7.9:122 

i  -.31775 

1  ".3242? 

1  7.33'S4 

-.93-39 

“.34  2  ^3 

2.55? 

7.35048 

'.35703 

:.->6359 

-.47-15 

\  o'o" I 

i  39327 

!  ~.oo?54 

'  7.59541 

'.  ’■2?9 

2.0?'! 

7. 01613 

'.32271 

' .  ■*2929 

-.’3587 

7.94246 

1  '.?4?05 

7.  ?5584 

,  ^6223 

-.  ’-983 

*.  ^*“4  * 

2.57: 

7.992:3 

4 

-.4^525 

:2136 

8. '"847 

!  6. 015'R 

(  8. 0217-1 

'  9. '2932 

3.  34^4 

-  '4 ' 

1 2 . 3o  ? 

.3.04P2'; 

^.05433 

8.  ~oi46 

:  3.  76810 

s. ’-474 

1  =. -8133 

1  9.  ;53--2 

■  9.  :i»4-' 

■  1 '132 

■  .  1 

I  2.5?' 

3.11462 

9.12129 

8.  127-94 

!  3  .  1  346-7 

9. 1412- 

i  6.14':*3 

j _ 

[  4 . : 1 2  3 

;  i  -ic 

’.174-3 
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TABLE  A26.-  Continued 


M 

V  • 

1 

0.001 

3.002 

0.  007 

HBmI 

D.  7 

2.600 

8.18131 

8.18799 

3.19468 

9.20136 

8.20BC5I 

S. 21475 

8.21144 

8.22814 

6.23484 

a,:*; 

J.610 

8.24825 

8.25496 

8.26167 

3.26838 

8.2751; 

8.23182 

8.:5554 

8.2952’ 

8.  3'Jl99 

a.  3 

2.620 

8.31545 

8.32219 

3. 32892 

8.33566 

8.34241! 

34915 

8.25590 

8.36265 

8. >6940 

2.630 

8.38291 

8 . 38963 

9. 39644 

8.40320 

3.4099' 

5.41674 

-’.42  352 

S-4’C29 

6.43707 

a. 44 

2.640 

8.45264 

9.45742 

8.46421 

8.47100 

8.47/8  ; 

6.43459 

3.49139 

6.49319 

5.5:500 

a.  5 1 

2.650 

8.51362 

8.52543 

8.53224 

8.53906 

8.54588. 

5,55270 

3.55353 

8.56636 

5.57319 

9.  5r 

2.660 

8.58685 

8.59369 

8.60053 

8.60738 

8.61422' 

3.62107 

8.62792 

8.63478 

8.64163 

8.64- 

2. 670 

8.65535 

3.66222 

8.66908 

3.67595 

8.63282 

8.63970 

8.6>657 

d. 70345 

3.71034 

8.7: 

2.680 

8.72411 

8.731:: 

3.73789 

3.74:79 

9.75166 

8.75858 

8.  "634  9 

8.77239 

3.77930 

8.7o 

2.690 

8.79312 

8.80004 

3.80696 

8.81388 

8.322‘"7 

;.?2770 

8 . 32466 

8.84159 

5.34352 

3.6' 

2.700 

8.86240 

3.86934 

8.87629 

3.3832) 

8.39016- 

?. 80713 

8.31409 

8. 31105 

5.91601 

3.?. 

2.710 

3.93193 

8.93890 

9.94587 

8.95284 

8.95982 

5.96680 

8. ?-378 

8.980761  9.98775 

a.  >  • 

3.720 

9.00173 

9.00872 

9.01572 

9.02271 

9.02971 

9.03672 

9.14373 

9.05073 

3.05775 

9.C» 

2.730 

9.071'’8 

9.07830 

9.08582 

9.09294 

9.09987 

?.  10690 

9.11393 

9.12097 

3. 12300 

-•.1. 

2.740 

9  14209 

9.14913 

9.15618;  9.16323 

9.17023 

9-:7734 

9.18440 

9. 10146 

9. 1955i 

■» .  2 

2.750 

9.21266 

9.21973 

9.22680 

9.23388 

9.24096 

9.24804 

9.15512 

9.26330 

.  2  “ 

2.760 

9.23j43 

9.29058 

9.2976S 

9. 30478 

9.31169 

9.31900 

9.32611 

9. 33322 

3.34033 

'.  34 

2.7"»0 

9.35457 

9.36169 

9.36882 

9.37595 

9.38323 

9.39021 

9.33735 

9.4C449 

9.41165 

9.4: 

2.780 

9.42592 

9.43307 

9.44022'  9.44737 

9.45453 

?. 46169 

9.48885 

9.47601 

3.48318 

9.4 

2.790 

9,49752 

9.50470 

9.51187 

9.51905 

9. 52624 

9.53342 

9.54:61 

9.5473') 

1  5«4aj 

? .  5  ■ 

2.307 

y.5c939 

9.57659 

9.58379-  9.59099 

9.59822 

9.60541 

9.81263 

9.61984 

9.62726 

9 .  •■• 

2.310 

9.64151 

9.64973 

0.65506 

9.66319 

9.6‘'''4  3 

9.87767 

9. •=5490 

9.6=>215 

3.63939 

9." 

2.320 

9. ■1299 

9.72U4 

>.■’284': 

9.73565 

9.742?: 

9.-5018 

9. "5744 

9. 76471 i  9.77193 

?."■ 

2.810 

9.75653 

9.79131 

'>.8010? 

9.80837 

■). 31568 

9.32294 

3.83*53  1  9.94483 

9.  - 

2.84; 

9.85941 

9.86673 

’.374')4 

9.98135 

3.88866 

?.  59597 

9.  '.'iD? 

>.-);:61(  ?.  31703 

9.  • 

2.350 

9. 93255 

9. >3991 

9.94725 

■9.954  58 

9.  961. >2 

9.  96926 

9. -“660 

3.3335 

3.99129 

D.  • 

2.860 

10.226:0 

1O.0I33S 

10.02071 

10.02307 

10.00=44 

24280 

10. :5:i7 

12. 05754 

10.  16492 

10.  ■ 

2.870 

10.2'967 

10.08705 

10.09444 

10.10183 

10.10921 

:M1661 

10.12400 

10.13140 

10.13850 

1  * 

2.883 

10.15361 

10.16X01 

10.16842 

10.17584 

10.18325 

'.,.19067 

in.:?3:9 

10.20551 

1 0.21294 

10..:. 

2.890 

10.22'80 

19.235:3110.24267 

10.25010 

10.25755 

i:.26499 

10.27244 

10.27'>83 

1  '.287  34 

10.- 

2.900 

10.3:225 

10.  30971  il  "*.  31717 

10.32463 

10.33210 

1 1.3 3957 

10.;4'04 

r . 35452 

1'. 26199 

1-  -  ■ 

2.913 

U.  07695 

10.38,*44 

■10.39193 

10.39942 

10.40691 

41441 

10.42130 

11.  4; >4: 

1  ..43591 

1:.  ; 

2.923 

10.45192 

10. 45?43|13. 466951 10.47446 

10.481.-3 

489501 10. 4?'03 

r..  5  3455 

;i3.51.''0B 

10. 

2.932 

10.52715 

10.53466 

10.34222 

10.54977 

10.55*51 

1 ' . 56486 

l.>.-:-241 

1 ..1'996 

!:•. 55751 

1  -5  _  * 

2.940 

10 . c !263 

io.6i:i> 

•10.017761 10.62533 

ID.632?D 

1  r . 64047 

1,'. 84805 

1:'.655«'32 

•10.66321 

1  }  .  •' 

2.95., 

10.6-337 

10.68596 

10.69355 

10.7-!1;5 

10. 7 -,.,-4 

71634 

12.-1394ll2.'3155 

: '  Ji5 

i  ' 

2.960 

10.-6433 

10.T6I?9|:7. 76961 

10.77723 

19.7S485 

'.'.79247 

io.8::i: 

l-.3;-7’ 

;  ’ .  ^  1 5 

1  ' 

2.970 

1 0, 83  064 

110.83328 

•10.84592 

1 J. o5  356 

i:. 06111 

1 ; . 36886 

I*. 8*651 

I  2 . 5.~4  1  7 

:  .  -  • :  -  ■ 

; 

2.930 

10.9’715 

10.91482 

10.9224'? 

ID.  >3.a6 

10.93*83 

94551 

l'.-5319 

I  '  .  -?6  “  6  7 

1  .  '  "  T~ 

: 

2.990 

n.-8393 

10.99162 

ID. 9993- 

11. 2.07.:  1 

11.014*1 

02241 ; 11. -3*12 

ii.:37.=  3 

11.  4'  4 

-;• 

3. 

11.  :6:i6 

:  1 1 . 2’6r>6o 

11.07.-4: 

11.  TS4 1 3 

11.09185 

'9953 

i:.::7ji 

11.  11514 

1  i  .  1  _  2  “ 

3.  :i3 

11.  :3c26 

11.14600 

1 1 . 15  37: 

I’ .  1-j150 

1 1 . 16-2  5 

iTTD'D 

'  l ;  .  1  ■>476 

.  :?252 

11..  '^2r 

11. 

3 .  02  > 

11.21581 

11.22-58 

11.23135 

12..’3?13 

11.246?: 

::.25468'l’..-247 

: :  .27025 

1  i  .  2“^  '4 

1 1 

3..1-. 

‘11-29 inZ 

1 : . :  :42 

’ll.  )D9-': 

11.317'! 

11.  32482 

;  1.3  3262 

,11.34.4  5 

!  11.34321 

11. 356  5 

11. 

3.24.' 

11. i'169 

(ll.jTjJl 

:i. 387-: 

11.3  9516 

1 11. 402 >9 

11.41032 

11.41355 

111. 42649 

11.43433 

11.- 

3.:=: 

ju.45;  ;2 

1 1 1  -  45"'96 

11.4-J3': 

11.47  356 

11.48142 

::.4392s 

11.4>71  ’ 

111.5:5:0 

11.5128-' 

1 1 

3.360 

111. r. 66) 

;ll.n.^47 

11. 544 '5 

11.55223 

1 1 1 . 56 " ;  1 

;  1 . 5679-,« 

i:.=“533 

ill. 5=57- 

11.5->l-'6 

11. 

3. 

:il.-  :-45 

’l!.--:534 

1  '  ,  9  '  i 

- 1 .  ’'4696 

i:--::4  =  3 

1 11 .^6;- > 

11. •;-:-! 

1 1 

3.  : 

!li.-  -,:5=; 

11.6-44- 

11.7024; 

1 1 . 7  1  :  3 

ill.'!--- 

1 1 . -D*'; ' 

11. "3413 

! 1 1 . “42  7 

ll.-":  ■  : 

•  11. 

9 

ill.------ 

11. '91': 

-  .  .  .  n  •  . 

1 11.  '-:-,i 

ll.-=l 

til. 
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TABI>S  A28-~  CONVERSION  FACTORS*  EC^^^ALEIbTS ,  AfaO  FCiO^'ZJ\S  FOR  ",S.  CVSTOVRY 
UNITS  AND  THE  IlffERr^TICrUL  SYSTEM  OF  SNITS  (SI) 

(a)  ■! jr>v<-- r -i  1  ■  III 


^Fron 

U.-n<jth 

1  toot  (ft) 

1  nautical  itilf 
1  Itatuti.-  nil  l.i 
I  nch  (in.) 

Speed 

1  it/at",- 
1  f'./min 

1  ;(ii  le/hour  (nph) 

1  Knot 

Accel-'ration 
1  ft/nec- 

l  M.  uq 

1  pound  i.ti) 

Force 

1  peund  (lb) 

Pressure 
1  ib/ft' 

1  inch  jt  mercury  (in.  Kq) 

1  millibar 

^oT.ai  ty 

1  s  1  uq/  :  t  ^ 

I  ’t/ft' 


^,1 


APPENDIX  A 


ORIGINAL  P.1.-.:: 
OF  pool!  QUALi 


TA3LE  A28.-  Continued 


(b)  Equivalents  (primary  constants  and  atmospnc-ric  propertiosj 


Quanti ty 


U.S.  Customary  Utiits 


'Silt: 


•^O 

t 


•l.j 


m,o 


R 

K 


2116.22  Ib/ft- 
’9. 92 1 3  in.  H<j 

0.076474  Ib/ft^ 

0.0023769  sluq/ft^ 

59. 0'^  F 

519.67*^  H 

1.2024  •  10"^  lb  ft-s.-c 
3.7372  •  10"'^  lb- 

32.1741  £t/sec" 

1116.45  tt/.j'.'C 

761.22  nph 
661.48  knots 

2H.  .<644  (dim.-nsi 

1545. 31  ft-lb/db  nol) 

53.352  :t-lb  (1.  mol)":-. 

1716.5  ft-lb/ ,1  J.j- •’R 


1  A  325  la 

1.2250  kJ  m 
15.  3'>  ; 
JfiH.  I'-' 

•  }  r'  : 


f ,  n  n 

h;  J  i4  r 


I  •  .  ,  1 


^y<,r  altitude's  up  to  2'>0  000 


TABLE  A28.-  Ci'".' 


(c)  Formulas 


APPENDIX  B 


SAMPLE  CALCULATIONS 


Part  I  -  Static-Pressure  Errors  and  Klinht  guantitic-s 

In  this  section,  sample  calculations  are  presented  for  the  do tormina cion  of 
(1)  the  position  error  4p  by  two  of  the  flight  calibrati'^n  methods  described 
in  chapter  IX,  (2)  values  of  calibrated  airspeed  pressure  altitude  H,  and 

Mach  number  M  from  the  indicated  values  of  these  guantities  and  a  given  value 
of  ap,  (3)  the  lift  coefficient  C^  from  given  values  of  .‘.p,  the  measured 
impact  pressure  q^,  and  the  measured  static  pvessure  p*,  and  (4)  true  a.r- 
speed  V  from  given  values  of  calibrated  airspeed  pressure  altitude  H, 

and  ambient  temperature  t. 


Determination  of  Position  Error  Ap 

Two  calibration  procedures,  the  pacer-aircraft  method  and  the  'jrouiu}- 
caitiara  method,  are  used  to  illustrate  the  determination  of  .’.p  (i.e.,  p‘  -  p)  - 

With  the  pacci-aircraf t  method,  the  value  of  p  is  derived  from  the  calibrated 
installation  on  the  pacer  aircraft,  while  with  the  ground-camera  m>.-thod,  the 
value  of  p  at  ^he  flight  level  is  calculated  from  measurements  or  p  u.-.i  T 
at  the  grou..d  and  the  assumption  of  a  standard  temperature  gradient  up  to  tin.- 
flight  level. 

Pacer-aircraft  method.-  For  the  calculation  of  ‘.p  by  this  method,  it  is 
assumed  that  the  altimeter  indication  in  the  test  aircraft  is  29  nOO  ft  unJ  -hat 
the  corrected  altimeter  indication  in  the  pacer  aircraft  is  30  000  ft.  Ft'^m 
table  A2  of  appendix  A,  the  static  i>rcssuro  p’  at  29  000  ft  is  0 59.962  lb 'ft-, 
and  the  static  pr-‘ssare  p  at  30  000  ft  is  628.455  l;;'ft“.  The  t.i'siti  ::  rror 
of  the  tost  aircraft  is  then 

.'.p  =  P*  -  p 

=  639.967  -  628.433  -  11.529  lb/ft“ 

For  altitude  increments  no  greater  than  about  100'^  ft,  fne  /ilue  ..f 
can  also  be  derived  from  equation  (3.6),  he-re  express'  d  as 


where  .".H  ’  H’  -  ii  =  29  600  -  30  000  =  -400  ft  and  ij  the  •••iis.ity 

midpoint  between  H'  and  H.  From  table  A8  of  jppesuix  n,  zr.';  vilu'.-  f  ;  , 
f'or  an  altitude  i.-.cronent  of  400  ft  is  essentially  1.0.  .-r''m  -able  A3,  t;.-- 
density  at  the  midpoint  (29  800  ft)  is  0.o2ra423  Ib'f'  ^.  ■■  d  .n  ••quation  '51,, 
the  value  of  .'.p  is  then 

Ap  -  (-0.028323! (-400)  =  11.529  lb/ft~ 
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Ground-c«tinera  method.-  For  the  calculation  of  :lp  by  this  method,  it 
assumed  that  (1)  the  pressure  p’  of  the  aircraft  installation  is  measured 
an  absolute-pressure  recorder  (in  contrast  to  the  statoscope  used  in  the  te 
described  in  chapter  IX),  and  (2)  that  for  the  elevations  in  figure  9.10, 

Ej,  =  Ej  and  h^  =  h^.. 


It  is  further  assumed  that  h^  is  1000  ft,  that  the  height  of  the  air 
Az  above  is  400  ft,  and  that  the  pressure  measured  by  the  absolute- 

pressure  recorder  at  the  flight  level  is  1973  Ib/ft^.  The  pressure  p  and 
temperature  T  at  the  ground  (at  h^)  are  2000  Ib/ft^  and  500®  R.  From 
table  A2  of  appendix  A,  the  standard  pressure  Pg  at  1000  ft  is  2040.85  li 
from  table  A4,  the  standard  temperature  Tg  at  1000  ft  is  515.104®  and 
table  A3,  the  standard  density  dg  at  1000  ft  is  0.074261  Ib/ft^  and  the 
standard  density  pg  at  1200  ft  is  C. 073825  Ib/ft^.  .-rom  equation  (3.1), 
density  3  at  h^  is 


_  pTg 

h'  “  ■ 

S  PgT 


=  0.074261 


/  200C  \ /515.104\ 

\2040.85/\  500  j 


0.074973  Ib/ft-’ 


From  equation  (9.29),  t.,e  density 


at  the  midpoint  (1200  :t)  is 


■'a 


) 


=  0.074973  -  (0.074261  -  0.073825)  ^  0.074537  Ib/it^ 


From  equation  (9.28),  the  pressure  increment  ‘‘p^  corresponding  to  j  heigr 
increment  .’.Z  is 


4pc  "  "‘'m 

=  (-0.074537X400)  -  -29.8  Ib/ft" 

From  this  pressure  increment  and  the  existing  p'r'.-nsir-.'  (2000  Ir.  rt",  Jt 
ground  (h^),  the  value  of  p  at  Z  =  1400  ft  is 


2000  -  29.8  ==  1970.2  lb/ft“ 


For  the  value  of  p*  of  this  example,  the  position  or.-'vr  'p  nr 

installaticn  is  then 

■p  =  p’  -  p 

=  1973  -  1970.2  =  2.8  Ib/ft" 
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Calculation  of  and  •'''•’c*  ^  ••'* 

for  these  calculations,  the  indicated  airspeed  V^,  indicated  altitude  H’ , 
and  indicated  Mach  number  M*  measured  by  the  cookpit  instrumcrts  are  corrected 
for  Che  position  error  Ap  of  the  aircraft  installation  to  yield  values  of 
H,  and  M.  The  values  of  the  errors,  AV^,,  AH,  and  AM  correspond i:id  to  fro 
value  of  Ap  are  also  calculated. 


It  is  assumed  that  is  300  knots,  H'  is  30  000  ft,  M*  i.s  0.79, 

and  Ap  is  8  Ib/ft^.  Prom  table  A12  of  appendix  A,  the  impact  pressure 
at  300  knots  is  320.694  Ib/ft^;  and  from  table  A2,  the  static  pressure  o' 
at  30  000  ft  is  628.433  Ib/ft^. 


Calculation  of  V^,  and  Av^..-  From  equation  (9.20), 


=  '?c  "'P 


=  320.694  *■  (i  --  328.694  Ib/ft’ 


From  table  A12  of  appendi.'C  A,  the  calibrated  airspeed  V,  correspondir.q  to  ti’.is 
value  of  is  303.5  knots.  From  equation  (5.9),  the  airspeed  error  is 


',V  =  V  ■ 

-.Vc  Vj_ 


=  300  -  303.5  =  ~3.5  knots 


(5.  >) 


Calculation  of  H  and  AH.-  From  equation  (2.2), 


P  =  P'  -  -'p 

=  628.433  -  8  =  620.433  lfa/ft“ 


t  a-,  i 


From  table  A2  of  appendix  A,  the  altitude  M  eorrespondinq  to  thi.s  value 
i.s  30  281  ft.  From  equation  (5.3),  the  altitude  error  is 


AH  =  H*  -  H 


:5. ') 


=  30  000  -  30  rsi  =  -281  ft 


Calculation  of  M  and  .'.M.-  I.n  chapter  III,  it  was  showr 
function  of  q;-,'p.  "or  values  of  q^  and  p',  ther-'fe.ri?,  X 
of  q^  *■  Ap  (eq.  (9.20))  J.nd  p*  -  .'.p  (eq.  (B4) )  .  Thus, 


t.-.at 
'.  a 


2c  _  320.694  s-  8 
p  "  628.4  31  -  .3 


=  0.5298 
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From  table  A26  of  appendix  A,  the  value  of  M  corrcspcnding  to  this 
is  0.304.  From  equation  (5-10),  the  Mach  number  error  is 


i'_M  =  M* 


V 


( 


=  0.79  -  0.804  =  -0.014 


In  the  preceding  examples,  the  signs  of  all  nc 

tive,  when  the  sign  of  Ap  is  positive.  It  is  also  truj  that  wnen  .‘.p  is 

negative,  Av^,  AH,  and  Am  are  positive. 

In  the  preceding  calculations,  the  values  of  '.V,,  .‘.H,  and  .'.M  have 
expressed  in  terms  oj  errors  in  the  measured  quantities.  In  many  aircraft 
manuals,  however,  these  errors  are  expressed  ii.  terms  of  corrections  with  s 
opposite  to  those  of  the  errors.  An  example  of  a  flight-manual  correction 
for  the  airspeed  and  altitude  errors  of  an  airplane  installation  is  present 
figure  Bl. 


Calculation  of 

As  stated  by  •=>quation  (5.2),  the  lift  coefficient  is  expressed  ir. 
terms  of  the  dynamic  pressure  q,  t)ie  aircraft  weight  W,  and  the  wing  are.; 
by  the  following  equation: 


W 


From  eq..ation  (5.3),  the  dynamic  pressure  q  is  determined  from  values  of 
and  M  as  follows: 

q  =  O.Tp.M^ 

For  t.hc  following  computation  of  it  is  assumed  that  =  260  knot:;, 

H’  =  25  000  ft.  '.p  --  6  Ib/ft',  W  =  172  000  Ih,  and  S  =  2400  ft-.  From 
table  A12  of  appendix  A,  the  value  of  at  2o0  kr.ct.s  is  237.341  Ib^ft-. 

From, evju.it ion  (9.20)  ,  the  value  of  q^,  is 

?c  "  ■«c  * 

=  237.341  6  =  243.841  lb/ft‘ 

From  table  A_ .  the  value  of  at  25  OOO  ft  is  735.108  lb  rt“.  TF.us ,  t:. 

value  of  r>  IS 

n  - 


735.308  -  6  =  779.308  ib  ft" 
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The  value  of  q^./p  is  then  =  0.3129.  rrom  table  A26,  the  value  cf 

for  this  9f./p  value  is  0.636,  so  that  the  v^lue  of  is  0.4045.  i-'ron 

equation  (B5) ,  tne  value  of  q  is 


q  =  (0.7) (779.308) (0.4045)  =  220-7  Ib/ft^ 


From  equation  (5.2),  t.he  value  of  is  t.hen 


172  000 
(220.7) (2400) 


=  0.325 


OmUuVAL  Jb 

OF  POOR  Qi:AM-n- 


Calculation  of  V 

In  this  example,  the  true  airspeed  V  is  calculated  for  a  calibrated 
airspeed  of  300  knots,  a  pressure  altitude  H  of  35  000  ft,  and  an  a.td5ient 

temperature  of  -60®  F.  From  cable  A12  the  value  of  q,,  for  300  knots  is 
320.694  lb/ft“.  From  table  A2  the  value  of  p  at  35  000  ft  is  497.956  lb/ft“. 

The  value  of  q<-/p  is  then  ‘ =  0.64402.  From  table  A26  the  value  cf  -M 

corresponding  to  q^/p  =  0.64402  is  0.87357.  From  equation  (3.27),  the  speed 
of  sound  a  in  knots  is 


a  =  29.045  /F 


(2.27) 


where  the  u.nit  of  T  is  ®R.  From  table  A28,  the  value  of  T  for  t  = 


T  =  -60  +  459.67  =  399.67°  R 


The  value  of  a  is  then 


a  =  29.045  J399.67  =  (29 . 045) ( 19. 992)  -  580.67  knots 


From  equation  (3.21), 


(3.21' 


The  value  of  V  is  then 


(3.37357) (580.67) 


507.2  knots 
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Part  i:  -  Pressure  I nc rcments  in  the  Internationa I  System  of  Jnits 

In  this  aoctitn.  ^jquaticns  (3.3)  and  (3.4)  are  applied  to  determine  stat 
pressure  incr-.'n.ents  in  SI  Units.  With  both  equations,  the  pressure  increment 
Ip  for  a  height  increment  -'-Z  of  400  m  is  computed  and  compared  with  values 
in  table  Ai5.  .Vote  that  for  0  to  400  meters  t;;e  values  of  g,U,t,T  in  terms 
of  Z  are  the  same  as  those  in  terms  of  H. 

Equation  (3.3)  is 

-P  =  -‘J-  --Z  ' 

From  table  Alo,  the  value  of  h  at  200  m  is  1.2017  kq.'m^.  From  table  II  of 
reference  A1  of  appendi.x  A,  the  value  of  g  at  200  m  is  9.8060  m/sec“.  The:, 
for  .\Z  =  400  m, 

Ap  =  (-9.3060)  (1.2017)  (400'  =  -4714  .^g/m-soc^  (Pa) 

Frc  table  A15,  the  value  of  ,j.p  as  derived  from  the  differential  form  of 
equation  (3.3)  is  the  same,  i.e.,  96  611  —  101  325  =  -4714  Pa. 

Equation  (3.4)  can  be  written  as 


Ac 


."rom  table  IX  of  reference  A1  of  appendix  A,  the  value  or  g  at  200  m  is 
-2.8060  m/soc^.  From  table  A15,  the  value  of  ?  at  200  m  is  98  945.3  Pa 
(:<g/m-soc-)  .  From  table  A28,  the  value  of  R  is  0.28705  <  10^  J/°K-knol. 
.-rom  table  A17,  the  value  of  t  at  200  m  is  13.70°  C.  From  table  A28.  tne 
value  of  T  is  13.70  +  273.15  =  286.85°  K.  Then,  for  .12  -  400  m. 


•.p  =  (-9.3060) 


98  945.3 


(287.05) (286.85) 


(400)  -  -1713  sc/m-sec“  (Pa) 


From  t.ible  A15,  the  value  of  ..p  is  essentially  the  same,  t:iat  is, 
-76  611  -  lOl  325  =  -4714  Pa. 

The  other  form  of  equation  (3.4)  can  be  written  es 


-P  = 
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The  values  of  p,  t,  and  T  remain  the  same.  Prom  table  A28,  the  value  of  R 
is  29.271  m-kq/^K-kmol.  Then,  for  iiZ  =  400  m. 


.OQ  Q4S  3 

*  (Ig.T?!)  (28V.85T<^°°^  =  kg/m-sec  (Pa) 


As  in  the  previous  cases,  the  value  of  Ap  from  table  AIS  is  -4714  Pa. 


Part  III  -  Pressure-System  Lag  and  Leaks 


In  this  section,  s^unple  calculations  are  presented  for  the  determination 
of  (1)  the  airspeed  and  altitude  errors  due  to  the  pressure  lag  of  a  static- 
pressure  system  and  (2)  the  altitude  arror  resulting  from  a  leak  in  that  system. 


Calculation  of  Airspeed  and  Altitude  Errors  Due  to  Pressure  Lag 

In  this  example,  the  airspeed  and  altitude  errors  of  a  static-pressure 
system  are  determined  for  an  indicated  airspeed  of  300  knots  in  a  climb  of 
12  000  ft/min  at  an  altitude  of  30  000  ft.  The  system  consists  of  four  cockpit 
instruments  (having  a  combined  volume  of  100  in^)  connected  to  a  50-ft  length 
of  tubing  3/16  in.  (0.188  in.)  in  inside  diameter  (I.D.).  From  equation  (10.3), 
the  lag  constant  A  is 


128ULC 


POOR 


(10.3) 


QVALITsr 

From  table  A6  of  appendix  A,  the  value  of  u  at  30  DOO  ft  is 
3.106  X  10"^  Ib-sec/ft”.  From  table  A2,  the  value  of  p  at  30  000  ft  is 
628.433  Ib/ft^.  The  value  of  C  in  cubic  feet  is  0.05787,  the  value  of  d 
in  feet  is  0.01567,  and  the  value  of  L  is  50  ft.  From  equation  (10.3),  the 
lag  constant  A  at  30  000  ft  is  then 


128(3.106  X  IQ-'')  (SO)  (0.05767) 
3.1416(0.01567)^(628.433) 


1.0  sec 


From  equation  (10.2),  the  pressure  drop  Ap  is 


(10.2) 


From  table  A2  of  appendix  A,  a  100-ft  increment  at  30  000  ft  corresponds  to  a 
pressure  increment  of  2.86  Ib/ft^.  Since  the  rate  of  climb  is  12  000  ft/min 
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(or  200  ft/soc) ,  dp/dt  is  (2) (2.86)  or  5.72  (lb/ft^)/sec.  From  the  value 
of  A  of  1.0  sec,  the  value  of  Ap  is 

Ap  =  (1.0) (5.72)  =  5.72  Ib/ft^ 


From  table  A2  of  appendix  A,  the  altitude  increment  at  30  000  ft  corresponding 
to  a  pressure  increment  of  5.72  Ib/ft^  is  200  ft.  Thus,  the  altitude  error  for 
a  rate  of  climb  of  12  000  ft/min  at  30  000  ft  is  200  ft.  From  table  A12  of 
appendix  A.  the  airspeed  increment  at  300  Icnots  corresponding  to  a  pressure 
increment  of  5.72  Ib/ft^  is  2.5  )cnots.  Thus,  the  airspeed  error  for  a  rate  of 
climb  of  12  000  ft/min  at  30  000  ft  is  2.5  knots. 


To  determine  whether  the  conditions  of  this  exaiq>le  meet  the  requirement 
for  laminar  flow  as  stated  by  equation  (10.6),  the  pressure  drop  per  foot  must 
be  determined.  Since  the  pressure  drop  Ap  is  5.72  Ib/ft^  and  the  length  of 
tubing  is  50  ft,  the  pressure  drop  per  foot  is  0.1  (lb/ft^)/ft.  Prom 
table  10.1,  the  limiting  value  of  Ap/L  for  laminar  flow  in  0.188-in.  I.D. 
tvibing  at  30  000  ft  is  2.3  (lb/ft^)/ft.  Thus,  since  the  Ap/L  value  of  this 
example  is  only  5  percent  of  the  limiting  value,  the  flow  can  be  considered 
laminar. 


Calculation  of  Altitude  Error  Due  to  a  Leak 

For  this  example,  it  is  assumed  that  the  instrument  system  is  the  same  as 
that  used  in  the  lag  calculations  (namely,  four  cockpit  instruments  connected 
to  a  50-ft  length  of  3/16-in.  I.D.  tubing).  It  is  also  assumed  (1)  t’nat  in  a 
ground  test  of  the  system  at  a  test  pressure  corresponding  to  an  altitude  of 
40  000  ft,  the  system  was  determined  to  have  a  leak  rate  equivalent  to  a  rate 
of  change  of  altitude  of  100  ft/min  and  (2)  that  the  leedc  is  located  in  the 
cockpit . 

To  determine  the  altitude  error  that  would  be  caused  by  this  leak,  it  is 
assumed  that  the  aircraft  is  at  an  altitude  of  30  000  ft  and  that  the  cabin 
pressure  corresponds  to  an  altitude  of  5000  ft.  The  pressures  for  this  flight 
condition  and  the  pressures  involved  in  the  ground  test  of  the  system  are 
shown  in  the  diagrams  in  figur  B2. 

From  equation  (10.7),  the  lag  constant  of  the  leak  is 


X  s  ^Pt,o  ~  PT,a\/PT,o  *  PT,a\ 
^  "  \  dp/dt  )\  Pc  ♦  Pa  / 

From  table  A1  of  appendix  A, 

p_  _  at  sea  level  is  2116.22  Ib/ft^ 

i 

p_  ,  at  40  000  ft  is  391.683  Ib/ft^ 

T#  a 


(10.7) 
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p,  at  30  000  ft  is  628.433  Ib/ft^ 

a 

Pg  at  5000  ft  is  1760.79  Ib/ft^ 

Also  from  table  A2,  the  pressure  increment:  corresponding  to  an  altitude  incre¬ 
ment  of  100  ft  at  40  000  ft  is  1.88  Ib/it^.  The  pressure  rate  dp/dt  corre¬ 
sponding  to  a  leak  rate  of  100  ft/min  is  thus  1.88  (lb/ft2)/min  or 
0.0314  (Ib/f t^)/sec.  The  lag  constant  of  the  leak  is  then 


/2116.22  -  391.683\| 

('2116.22  + 

391.683\ 

=  57  650  sec 

\  0.0314  /' 

a760.79  + 

628.433/ 

(10.8),  the  pressure 

error  Apj 

due  to 

the  leak  is 

APi 


A 

Aj  +  X 


<Pc  ■  Pa^ 


(10.8) 


For  a  system  lag  A  of  1.0  sec  at  30  000  ft,  the  value  of  Apj  is 
^**1  “  (sTeSoVi  -  628.433)  =  0.02  Ib/ft^ 


From  table  A2  of  appendix  A,  the  pressure  increment  corresponding  to  a  1-ft 
increment  at  30  000  ft  is  0.028  Ib/ft^.  Thus  the  altitude  error  corresponding 
to  a  &Pi  of  0.02  Ib/ft^  is  less  than  1  ft. 
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Indicated  airspeed  Calibrated  airspeed  -  Airspeed  correction 
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Indicated  altitude  •  Pressure  altitude  -  Altitude  correction 


Figure  Bl.-  Flight-manual  correction  charts  for  the  airspeed  and  altitude 
errors  of  the  static-pressure  installation  of  an  airplane.  These 
correction  charts  are  used  to  determine  the  indicated  airspeed  and 
indicated  altitude  at  which  the  airplane  should  fly  to  achieve  a 
desired  calibrated  airspeed  and  pressure  altitude. 
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Acceleration  due  to  gravity,  12,  219 
tables,  237,  253 
Accelerometer  method,  131 
Adiabatic  temperature  rise,  18 
Aerodynamic  compensation,  109 
installations,  110 
tubes,  110 

,  Aftereffect,  172,  187 
Air 

density,  11,  12 
gas  constant,  12 
mean  molecular  weight,  12 
pressure,  1,  11.  12 
ratio  of  specific  heats,  14,  15 
speed  of  sound,  l4,  18 
temperature,  12,  13,  18,  19 
viscosity,  166 
Air  data  computer,  175,  176 
Airspeed 

calibrated,  15,  50 
corrections,  282,  288 
equations,  14,  13 
equivalent,  16 
errors,  50,  57,  281 
indicated,  16,  50,  137 
tables,  238-244,  254-262 
true,  1,  14,  16-18 
Airspeed  indicator,  4,  173 
calibration,  173 
tolerances,  182 
Altimeter,  4,  172 
calibration,  172 
settings  (barometric  scale) ,  199 
tolerances,  180 
types,  172,  176 
Altitude 

corrections,  282,  288 
equations,  12 
errors,  50,  57,  58,  281 
geopotential,  12 
indicated,  50 
pressure,  1,  12,  199 
tibles,  225,  227,  247,  248 
Angle  of  attaclc,  27 
Angle  of  sideslip,  79 
Angle  of  yaw,  27 
Atmosphere,  standard,  11 
equations,  12 
properties,  13 


Barometers,  177 

Barometric  scale,  altinetar,  172,  199 
QFE  setting,  201 
QNE  setting,  199 
QNH  setting..  200 
1  allows,  ?,  176,  196 
Bernoulxi's  equations 
compressible  flow,  14 
inconpressible  flow,  47 
Blocking  effect,  59,  60,  75,  79 


Calibrated  airspeed,  15 
equations,  15 
tables.  238-244,  254-262 
Calibrations 

instrument,  172-174 

static-pressure  installations,  75-80,  121-143 
static-pressure  tubes,  59-62 
total -pressure  installations,  121 
total-pressure  tubes,  25-29 
Capacitance  altimeter,  217 
Capsules 

aneroid,  3,  8 

differential-pressure,  3,  8 
Collar,  static-pressure  tubes,  59,  60 
Compensated  static-pressure  tubes,  109 
Compressibility,  14 
factor,  16 

Computer,  air  data,  175 
Conversion  factors 
pressure  units,  275 

U.S.  Customary  and  International  Systems,  276 
Corrections,  airspeed  and  altitude,  282 
Cosmic  ray  altimeter,  219 


Density 

altimeter,  218 
equations,  11 
tables,  229,  249 
Diaphragms,  3,  177,  197 
Drift,  172,  173,  187 
Dyr.ekmic  pressure,  14 
equations,  14,  49 
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Equivalent  airspeed,  1& 

Errors 

airspeed,  50,  57,  281 
altitude,  50,  57,  58 
instruraent,  5,  6,  171-177,  204 
instrument  system.  6,  203 
Mach  number,  50,  58 
position,  49,  75 
static  pressure,  5,  49 
temperature ,  S 
total  pressure,  4 


Field 

flow,  47,  48,  52 
induced  velocity,  136,  156 
pressure,  47,  48,  52 
Flight  calibration  methods,  121-139 
Flight  technical  error,  202,  213 
Flow 

compressible.  14,  48 
field,  47,  48,  52 
incompressible,  14,  47 
Free-stream 

static  pressure,  a,  48 
temperature,  4,  18 
total  pressure,  4,  14,  47,  52 
Fuselage  vent 

configuration,  79 
errors,  100-102 
installation,  79 


Gas  constant 
air,  12.  277 
universal,  12,  277 
Geometric  height,  12,  199 
Geopotential  altitude,  12 
Gravity  meter,  219 
Ground  camera  method,  129,  139 


Height,  geometric,  12,  199 
Hyi.>someter ,  218 
Hysteresis,  172,  187 


14 


Intact  pressure,  5, 
equations,  5,  IS 
tables,  238-244,  254-262 
Indicated  airspeed,  16 
equation,  137 
tables,  238-244,  254-262 
Installation  error,  49,  75 

effect  of  lift  coefficient,  76,  77,  80 
effect  of  Mach  number,  76,  78-80 
Installation,  static-pressure,  75 
design  considerations,  82 
fuselage  nose,  75 
fuselage  vent,  79 
vertical  fin,  78 
wing  tip,  77 
Instruments,  4,  171-177 
mechanical,  3,  171 
servoed,  175 
transducer,  176 

Instrument  errors,  5,  6,  171-177 
Instrument  scale  error,  5,  171,  172,  187,  188 
Instrument  system  error,  6,  203,  204 
International  System  (SZ)  of  Units 

conversion  factors  and  equivalents,  276 
tables,  247-264 


Kiel  total-pressure  tube,  27,  33 


Lag 

acoustic,  165 
constant,  166 
due  to  leak,  168,  286 
equations,  165,  166 
pressure,  165,  285 
Laser  altimeter,  217 
Leaks,  pressure  system,  168,  286 
Lift  coefficient,  49,  282 
Limited-range  pressure  altimeter,  218 
Local  static  pressure,  47,  52,  54 
Local  velocity,  47,  52 


Machmeter,  4,  174 
calibration,  174 
tolerances,  184 


Mach  number. 

1 

error,  50, 

281 

equations. 

17 

indicated. 

50 

tables,  265 
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M  .'jne  tome  ter,  220 
Manometer,  177 

Mean  molecular  weight,  12,  277 
Mi'Jroprocessor,  175,  176 


jrifice,  static-pressure 
axial  location,  59 
radial  configurations,  61 
size  and  shape,  48,  62,  74 
Overall  altitude  error,  203 


Pacer  e ircraft  method,  125 
Phototheodolita,  128 
Pitot-static  tubes,  3,  7,  48,  53 
Pitot  tubes,  3,  7,  25,  31 
shielded,  27,  33,  35,  36 
swiveling,  27,  33,  121 
Position  error,  49,  75 

effect  of  lift  coefficient,  76,  77,  80 
effect  of  Mach  number,  76,  78-80 
Prandtl  pitot-static  tube,  26,  60,  66 
Pressure 

altimeter,  172 
altitude,.  1..  199 
conversion  factors,  275 
dynamic,  14,  49 
field,  47,  48,  52 
free-stream,  4 
intact,  5,  14,  15 
static,  1,  5,  12 
total,  1,  4,  14,  47 


QFE  barometric  setting,  199,  201 
QNE  barometric  setting,  199 
QNH  barometric  setting,  199,  200 


Radar 

altimeter,  215 
photocheodolite,  128,  l';8 
tracking,  128,  142 
Radio  altimeter,  215 
Range  of  insensitivity 
static-pressure  tubes  61 
total-pressure  tubes,  26 
Rate-of-climb  indicatoi ,  4,  174 
calibration,  174 
tolerances,  185 


Ratio  of  specific  heats.  14,  IS 
Recording  thermometer  method,  133 
Recover",  172,  187 
Recovery  factor,  13 
Reynolds  number,  69,  166 


Stale  error  5,  171 
Servoed  instruments,  175 
Shock  wave,  48 

effect  on  static-pressure  measurement,  76,  78 
effect  on  total-pressure  measurement,  25 
total-pressure  loss  through,  26 
Sonic  altimeter,  217 
Sonic  speed  method,  137 
Speed  course  aet..od,  137 
Speed  of  sound 
equations,  14,  18 
tables,  236,  252 
Standard  atmosphere,  11 
equations,  12 
properties,  13 

Standard  deviation,  142,  143,  303 
Static  pressure 

error,  5,  48,  49,  59,  75 
free- stream,  5,  48 
-nst' nations 7  T5  ~ 
local,  47,  52,  54 
measurement,  47 
tables,  225-227,  247,  248 
tubes,  59-62 

Static-pressure  Installations,  75 
calibration  procedures,  121,  143 
design  considerations,  82 
effect  of  lift  coefficient,  76,  77,  80 
effect  of  Mach  number,  76,  78-80 
Static-pressure  tubes,  3,  7,  48,  59 
compensated,  109 
design  considerations,  60 
effect  of  angle  of  attack,  61,  62 
effect  of  Mach  number,  59,  60 
Statoscope,  140,  157 

Strut,  static-pressure  tube,  48,  53,  59,  60 


Tables 

acceleration  due  to  gravity,  237,  253 
airspeed,  238-244,  254-262 
altitude,  225-227,  247,  248 
coefficient  of  viscosity,  235,  251 
conversion  factors,  275,  276 
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density,  229,  249 
impact  pressure,  2J8-244,  254*262 
Mach  number,  265 
speed  of  sound,  236,  252 
static  pressure,  225-227,  247,  248 
temperature,  231,  233,  250 
true  airspeed,  246,  264 
Tenperature 

adiabatic  rise,  13 
error,  5 

equations,  5,  19,  133,  138 
free-stream,  4 
gradient,  13 
probe,  4,  9,  23,  190 
tables,  231,  233,  250 
total,  19,  133,  138 
Theodolite,  129 
Tolerances 

instrianent,  171,  180,  182-185 
installation,  81 
leak,  168 
Total  pressure 
error,  4 

equations,  1,  14,  47 
free-stream,  4,  47 
loss  through  normal  shock  wave,  26 
measurement,  -25'  ------- 

Total  pressure  installations 
calibration  procedures,  121 
design  considerations,  25 
Total  pressure  tubes,  3,  7,  25,  31 
design  considerations,  29 
effect  of  angle  of  attack,  26-29 
effect  of  Mach  number,  25 
shielded,  27,  33,  35,  36 
swiveling,  27,  121 
Total  temperature,  19 
equations,  19,  133,  138 
Total-tein»€rature  method,  138 
Tower  method,  127 
Tracking-radar  method,  128,  139 
Tracking-radar/pressure-altimeter  method,  130 
Trailing-anemometer  method,  134 
Trailing-bomb  method,  124 
Trailing-cone  method.  125 
Transducer,  176,  177,  196,  197 
Transducer,  pressure,  176 
analog,  177,  197 
digital,  176,  196 


True  airspeed,  1 

equations,  14,  16-18 
tables,  246,  264 

True  airspeed  indicator,  1,  4,  173 
calibration,  173 
tolerances,  183 
Tubes 

coapensated  static-pressure,  109 
pitot,  3,  7,  25,  31 

shielded  total-pressure,  27,  33,  35,  36 
static-pressure,  3,  7,  48,  59 
swive’ing,  27,  33,  121 
total-pressure,  3,  7,  25,  31 

U.S.  Customary  System  of  unius 

conversion  factors  and  equivalents,  276 
tables,  247-264 


Velocity 

free-stream,  47,  52 
induced,  136,  156 
local,  4/,  52 
Vent,  fuselage 

configuration,  48,  79 
errors,  100-102 
installations,  79 
Vertical  speed  indicator,  4,  174 
viscosity,  166 
tables,  235-251 
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16  AOrttoot 

This  tex*.  exarir.es  rrcrler.s  ir.vcLved  ;r.  .ne-asurir. i  s'.eod  jr.d  alti.idu  with  •  rcsr.ure- 
aciuated  i.nstru.-CT.rs  :aitir;tor,  air.steed  ir.dicatrr.  tr je-jirtneei  i.tdicattr, 
Macr-eter ,  .ir..:  Vert  1  r.i  1 -s:  oed  :r.d;ratcr).  Eiuati  '.ns  r.-latir.?  tttal  ..rej-sure  ar.d 
.-itatic  ;  re  - uv.-  t:  tr.e  f.  I'^ht  tua.-.titie.^  irv  presented,  ar.d  iriteria  :  ;r  the 

desij-;  t.-t.r.-  ir.d  ,:t  itii-;  re.-'Stre  tubes  are  iiv-.-r..  lalibriti^'r..;  ;f  tv:  iral 
it  at  1 1-;  r .  .i  s  ur  •  i.e  tall.it  1  .r.s  (fuie-la:e  nose,  uinu  tit,  v.;rti:al  fir,  and  fuselage 
v;r.t.  are  ;  rei-.:.t.i,  varifui  nethris  for  flit.-.t  lalibratio.n  tf  these  ir.stallaticn •: 
are  desmbed,  a.'.-i  the  .aliiratior.  of  a  Particular  installation  by  two  tf  the 
metheds  i.i  deirribcd  i.n  detail.  Eruations  are  giver,  fer  estimating  tho  effeots  of 
pressure  lag  and  lea<£.  Test  nrccedures  for  the  laboratory  calibration  of  *ho  five 
it.stru.rents  ar-  described,  ar.d  acturacieu  of  mechanical  .and  e-lectrical  ir.strument.s 
are  :,r-.-ie:  ted.  .t.erat len.al  i.-;o  th-.-  altimeter  for  terrain  clearance  and  vertical 

■te-n.iraticr.  rf  aircraft  i.j  iiecusi-d,  ilc.ng  with  flitht  tec.n.nical  'rrori^  and  overall 
Uetitudc  errcrc  ::  aircraft  ;..  cr-i-ie-  ineraticnt .  .tlt.t  ide-r.easuri.-.g  tc-chn:  cues 
oa_ei  rr.  a  variety  cf  nrojertios  rf  tr.e  Earth  and  the  -tmosphere  are  1. nc luted. 

I'w.n  1;  :  iinor  nr-.-^ent  ,;r'V;ed  a:.:  altitude  tables  and  .s-amrle  calc  ilati  ;n.-:  for 
ueterm.inl.'.c  t.  v  various  fliiht  r  arameters  frem  r.-.asure-;  total  .and  .atatic  :  r-.  cn  ir-.-s . 
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